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Lateral and Vertical Zonation of Clay Minerals and Associated Alteration Products at 
the Hog Heaven Mine and Ole Hill Deposit, Hog Heaven Mining District, Flathead 
County, Montana
Advisor: Graham Thompson
The Hog Heaven and Ole Hill deposits formed in an acid-sulfate hot spring 
environment during the Oligocene (30 - 36 Ma). Clay mineral - rich alteration 
assemblages within these epithermal Ag-Au-Cu-Pb deposits are spatially associated 
with zones of metal concentration. In this study, the distribution of < 2 fxm particle 
size alteration minerals within the deposits is presented on five panels, each based on 
an average of 60 samples analyzed by x-ray diffraction.
Metals at the Hog Heaven Mine (formerly the Flathead Mine) are concentrated 
along the contact between a rhyolitic dome and surrounding volcaniclastic rocks.
Metal deposition also occurred within permeable volcaniclastic strata and along a fault 
which bisects the dome. Alteration by hydrothermal fluids initially formed 
expandable clays (smectite and illite/smectite) from feldspar within the wall rock. 
Rocks in the district which still contain smectite are distant from permeable zones 
which were the focus of hydrothermal fluid flow and metals deposition. Increase of 
temperature and/or hydrothermal fluid flux resulted in decreased expandability of 
these minerals and formation of kaolinite from expandable clays, feldspars, and 
muscovite. Zones dominated by kaolinite alteration are located between the distal 
expandable clay facies and the high grade zones, and frequently contain low 
concentrations of metals. Rocks proximal to faults, fractures, geologic contacts, and 
other permeable zones were subject to intense (advanced argillic) alteration during 
mineralization, and contain abundant secondary quartz, barite, alunite, and jarosite, as 
well as high concentrations of metallic minerals. Pyrophyllite occurs in zones 
affected by higher hydrothermal fluid temperatures and/or pressures.
Silver and gold at the Ole Hill deposit occur within quartzites and siltites of the 
Precambrian Belt Supergroup and within an overlying unit composed of Belt cobbles 
and interstitial volcanic material. Hydrothermal fluid flow in this deposit was 
concentrated along faults, fractures and permeable strata within the upper portions of 
the Belt rocks and within the overlying volcaniclastic unit. Deposition of metals and 
alteration of muscovite and feldspar to kaolinite occurred in these zones of higher 
transmissivity. Silicification characterizes areas of most intense fluid flux at the Ole 
Hill deposit.
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INTRODUCTION
Studies of the petrology of clay minerals most frequently focus on diagenesis of 
sedimentary clay minerals in low grade burial metamorphic environments. Clays 
also commonly occur associated with ore deposits. Clay-rich haloes surrounding 
ore bodies result from alteration of the country rock by hydrothermal fluids (Lowell 
& Guilbert, 1970; Buchanan, 1981; Heald et ah 1987).
This study was undertaken to determine the spatial and genetic relationships 
between metal deposits and the alteration minerals associated with the formation of 
these deposits. The study area is located in the Hog Heaven Range of northwestern 
Montana, and is approximately 20 km. west of Flathead Lake in the NV2 , SE*4 of 
Sec. 17, T 25 N, R 23 W (Figure 1). The deposits selected for study, the Hog 
Heaven Mine and Ole Hill deposit, are currently inactive silver-base metal mines. 
These deposits are located within the ephemeral headwaters of Sullivan Creek 
(Figure 2), which is a tributary to the Little Bitterroot River, and ultimately to the 
Clark Fork of the Columbia River. The majority of flow in upper Sullivan Creek is 
provided by an artesian well near the West Flathead Mine (Hydrometrics, 1981); 
this water is of low quality (pH 3.5, elevated dissolved iron, manganese, and zinc), 
and may discharge from flooded historic mine workings. The elevation in the mine 
area varies between approximately 3,200 and 4,400 feet; the area is mostly forested, 
except for some southwest-facing slopes and low-elevation dry areas.
Approximately 300 samples taken from powdered drill cores and cuttings were 
examined by x-ray diffraction analysis, in order to determine the distribution of 
clays throughout the deposits. Mineralogical data from these analyses were then 
compared with geologic sections and assay data provided by CoCa Mines, Inc. to 
determine the relationships between the clay mineral assemblages, metal 
concentrations, and structures and lithologies of the deposits.
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GEOLOGY
REGIONAL GEOIjOGY
The Hog Heaven volcanic field is located in the northern Little Bitterroot Valley of 
western Montana. Oligocene rhyolitic volcanic rocks overlie Ravalli Group sedimentary 
rocks of the Precambrian Belt Supergroup, and outcrop over an area of less than 50 
square kilometers (Zehner, 1987). The volcanic field consists of three rhyolitic flow- 
dome complexes that occur along a northeast-trending lineament (Figure 1), and 
associated deposits of tuff and volcaniclastic rocks. The lowermost units of the volcanic 
rocks are primarily ash-flow tuffs. They are overlain by volcaniclastic sedimentary 
rocks, including sandstones, breccias, mudflows, and airfall tuffs (Zehner, 1987). Metal 
deposits occur within the East dome complex, the youngest of the three major volcanic 
centers. Small rhyolitic domes, which intrude volcaniclastic rocks and Belt rocks within 
the East dome complex, are commonly associated with mineralization. Many rhyolitic 
flows occur in the area around the Hog Heaven Mine. Some of these flows north of the 
mine appear to pre-date deposition of the volcaniclastic rocks. Other flows which 
overlie the deposit were extruded after mineralization (Zehner, 1987).
Several epithermal metal deposits occur within the field, notably the Hog Heaven 
Mine and Ole Hill deposits. The Hog Heaven Mine has formerly been known as the 
Flathead Mine and the Main Mine. Mining commenced in the Hog Heaven district in 
1928. Large-scale mining operations ceased in 1946 due to low metal prices; production 
since then has been sporadic and of low volume. The geology of the district was first 
described by Shenon and Taylor (1936). Subsequent studies that have added to 
knowledge of mine geology and of the geology and petrology of the volcanic field as a 
whole include those of Page (1963), Johns (1970), Harrison (1981), Cossaboom (1981), 
Lange et a l (1985), Jonson and Czehura (1985), Zehner (1987), Lange et a l (in 
press), and various studies by mining companies that have owned or leased the property. 
The Hog Heaven property is currently owned by Hecla Mining Company.
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Although the Revett Formation of the Ravalli group contains anomalously high 
concentrations of silver and copper, such as the Troy and Rock Creek deposits located 
roughly 100 km. west of Hog Heaven (Johns, (1970); Banister et aL (1981)), lead 
isotope data suggest that the metals in the Hog Heaven district were not derived from the 
Precambrian Belt rocks which underlie the district. Lead isotopes in Hog Heaven ore 
minerals do not match those of the Belt, but rather are much older (2.5 Ga), suggesting 
a lower-crustal source (Lange et al. in press), (Zartman and Stacey, 1971).
MINING DISTRICT GEOLOGY and MINING HISTORY
The Hog Heaven Mining District is centered within the East dome complex. The 
largest known metal deposit in the district, the Hog Heaven Mine, is associated with a 
small rhyolitic pluton (the Central porphyry dome) within this complex. Several other 
mines are located within the district, including the Ole, West Flathead, Battle Butte, 
Martin, Mary Ann, and Birdseye mines (Figures 2, 3, & 4). These deposits were 
formed by epithermal hot springs associated with various phases of volcanic activity 
within the East dome complex.
The section in which the Hog Heaven Mine is located was granted to the Northern 
Pacific Railway in 1902, and was transferred to the Anaconda Copper Mining Company 
in 1912 (CoCa Mines, Inc, 1983). Discovery of high-grade silver float by local 
ranchers in 1913 led to the filing of the first mining claim. A prospect shaft sunk near 
the Central porphyry dome by the Anaconda Copper Mining Company shortly thereafter 
encountered only a small, subeconomic metal deposit, so exploration was suspended and 
the property leased. After discovery of an economic reserve in 1928, the Anaconda 
Company resumed control of the property. Between 1928 and 1930, about 20,000 tons 
of ore were mined, and 1,500,000 ounces of silver produced (Shenon and Taylor, 1936). 
Lead and some gold were also recovered. Mining was suspended between 1930 and 
1934 due to low silver prices, but ACMC then resumed operations until 1946. Between 
1958 and 1975, the property was leased to Waino Lindbom, who conducted a small- 
scale mining operation (CoCa Mines, 1983).
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Between 1928 and 1975, a total of 373,759 tons of ore had been removed from the 
Flathead (or Hog Heaven) and West Flathead mines, and 8,812,544 ounces of silver had 
been recovered (CoCa Mines, 1983). The Hog Heaven Mining District also produced 
more than 3000 ounces of gold, 23,000,000 pounds of lead, and 600,000 pounds of 
copper between 1928 and 1964 (Cossaboom, 1981). Lange et aL (in press) cite 
resources of 4,335,000 tons averaging 6.47 ounces per ton (o p t.) silver and 0.017 o.p.t 
gold remain in the Hog Heaven and Ole Hill deposits.
Shortly after the discovery of the Hog Heaven deposit in 1928, mining also began in 
the Ole Hill area (Shenon and Taylor, 1936). This property was leased from the 
Northern Pacific Railway Company by the Ole Mining Company. Concentrations of 
silver, lead, and gold were reported; no ore had been shipped from the Ole Mine by 
1930, however. Mineralization at this deposit occurred within a thin layer of porphyritic 
rock overlying Belt argillite. Barite, fine-grained quartz, alunite, and iron oxides were 
observed in altered rock from the Ole Mine. At least two northeast trending porphyritic 
dikes that intrude the Belt sedimentary rocks were reported, with disseminated silver- 
gold veins filling fissures in the sedimentary rocks at least 50 feet beyond the dikes.
The gold to silver ratio in these dikes was reported to be 10 to 15 times higher than the 
ratio from Flathead (Hog Heaven) Mine ore (Shenon and Taylor, 1936). The property 
was again leased from the railway between 1961 and 1964; 150 tons of ore averaging 5 
o.p.t. silver was shipped. Two one-foot-diameter "fumarole holes" were discovered in 
Ravalli Group argillite in the northwestern Ole Mine area. These fumarole holes, which 
resemble those of the West Flathead Mine, appear to have been caused by a nearby latite 
intrusion and reportedly contained 60 o.p.t. silver (Johns, 1970).
The West Flathead deposit, discovered by the Anaconda Mining Company in 1941, 
is located approximately one half mile west of the Hog Heaven Mine. It is located on 
the opposite (east) side of Sullivan Creek from Ole Hill. The mine has produced about 
220,000 ounces of silver (Johns, 1970). Most of the ore was contained in Ravalli Group 
argillite, in rounded tubes and solution cavities which were filled with clay-rich mud and 
probably formed by fiimarolic activity. Metals were concentrated in these clayey 
deposits; Johns (1970) describes a sample which assayed 7.1 % lead, 0.16 % copper,
9
451 o.p.t silver, and 0.03 o.p.t. gold. These fumarole holes typically occur along 
bedding planes and joints in the Belt sedimentary rocks. This Belt argillite is overlain 
by a mineralized conglomerate, which may have been a stream deposit (Johns, 1970) or 
talus. The conglomerate is overlain by an andésite flow. Porphyritic latite and intrusive 
andésite are also found at the West Flathead Mine. The latite, which predates the 
andésite, resembles latite from the Hog Heaven Mine. These igneous rocks contain low 
concentrations of metals (Johns, 1970).
The Battle Butte and Martin mines are located approximately one mile south and 
southwest of the Hog Heaven Mine. These mines have operated intermittently since the 
late 1930s. Zinc, copper, and lead are the dominant metals in these deposits. Some 
silver is also present. The Martin shaft penetrates 3(X) feet of andésite, which intrudes 
Belt argillite. The andésite is locally silicified; other alteration minerals include alunite, 
pyrite, and clays. The Battle Butte mine is located within the argillite. Sulfide deposits 
occur in silicified argillite breccia related to the intrusion of the Battle Butte andésite.
The Mary Ann and Birdseye mines are located approximately a quarter mile east of 
the Hog Heaven Mine. These mines contain small argentite-galena deposits in 
porphyritic latite, and are very similar to the deposits at the Hog Heaven Mine (Johns, 
1970).
Deposition of silver and other metals at the Hog Heaven deposit was spatially and 
temporally associated with epithermal volcanic-derived hot spring activity (Jonson and 
Project Staff, 1983). Hydrothermal alteration, including wide spread argillic alteration 
and localized vuggy silica alteration, began prior to formation of sulfide mineral 
deposits. Initially, metallic sulfide minerals replaced permeable volcaniclastic rocks near 
fractures and other hydrothermal conduits. This phase of sulfide mineral deposition was 
accompanied by massive silicification and possibly sinter formation (Jonson and Project 
Staff, 1983). More sulfides were deposited later during a phase of advanced argillic 
(kaolinite plus alunite) alteration. Voids left by vuggy silica alteration were partially 
filled with clays, alunite, jarosite, hematite, barite, native sulfur, and ore minerals.
These areas have been largely mined out, but contained ore with silver values ranging 
between 14 and 500 o.p.t. (Jonson and Project Staff, 1983). Silver at the Hog Heaven
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Mine is concentrated along the contact between the Central porphyry dome and 
volcaniclastic rocks, as well as along a central fault which cuts the pluton and within 
favorable units in the volcaniclastic rocks (Lange et aL in press). These volcaniclastic 
rocks, located within the East dome complex, were deposited within a north-south 
graben structure. The western boundary of this graben is located between Ole Hill and 
the West Flathead Mine.
Both hypogene (primary) and supergene (secondary) ore minerals occur in the Hog 
Heaven Mine. The primary sulfide minerals are pyrite, galena, antimonial matildite, 
pyrargyrite, enargite, and sphalerite. Secondary minerals include argentite, covellite, 
marcasite, cerargyrite, anglesite, melanterite, and malachite (Shenon and Taylor, 1936; 
Jonson and Project Staff, 1983; Lange et aL in press). Native silver is also found 
within the deposit. Argentite deposits formed by supergene enrichment accounted for 
much of the rich ore recovered early in the mine’s history.
Alteration at the Hog Heaven Mine closely resembles that of the Summitville, 
Colorado gold-silver deposit (Stoffregen, 1987) and some other epithermal acid-sulfate 
type deposits, such as Julcani, Peru (Petersen et aL 1977)
GEOLOGY OF STUDY AREA
OLE HILL
The Ole Hill deposit is located approximately one kilometer west of the Hog Heaven 
Mine (Figures 3 & 4). A more detailed map of the Ole Hill deposit is provided on 
figure 5. Sulfide minerals at Ole Hill were deposited within a thin layer (10 to 20 
meters) of volcaniclastic rocks which directly overlie Belt rocks, and within the upper 
portion of the Belt rocks (Figure 5). Sulfides appear to have concentrated along 
fractures in the Belt rocks and within a permeable unit consisting of quartzite and siltite 
boulders derived from the Belt rocks, with a matrix dominated by fine volcanic ash.
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This unit may have formed as a talus slope adjacent to an active normal fault (Lange et 
al, in press). Metal-bearing fluids were apparently confined to this unit by overlying, 
less permeable pyroclastic rocks. Vuggy silica alteration occurs within this zone, and 
ore and gangue minerals were often deposited within open spaces between Belt clasts. 
The source of mineralizing fluids is believed to have been feeder zones located to the 
south, and possibly north, of the Ole Hill deposit. A massive sulfide deposit located 
south of Ole Hill may have been proximal to one of these feeders (Hahn, per s. comm., 
1989). In the southern Ole Hill region, the uneroded remnant of overlying volcanic 
rocks is much thicker than elsewhere in this deposit. Ole Hill silver concentrations show 
an east-west lineament, while gold concentrations have a north-south trend, similar to the 
dominant joint pattern within the Belt rocks (Hahn, 1988; Lange et al. in press).
West-East Section
The geology along this section (Figure 5) consists of a thin layer of volcaniclastic 
rocks overlying Precambrian Ravalli Group quartzites, siltites, and argillites. Both units 
are displaced by several fractures and faults having average offsets of 20 feet, which 
were conduits for mineralizing fluids. Fault locations and offsets shown on figure 3a are 
estimated, based on correlation between drill holes on 50 to 100 foot spacings, and may 
not reflect actual fault offsets (Hahn, pers comm, 1993).
South-North Section
The northern part of this cross-section (Figure 3), like the west-east section, consists 
of a thin layer of volcaniclastic rocks overlying the Precambrian Ravalli group rocks.
The thickness of the volcaniclastic unit increases greatly in the southern part of this 
section. The two drill holes at the southern end of this section do not penetrate into Belt 
rocks.
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THE HOG HEAVEN MÏNR
The Geology of the Hog Heaven Mine area is depicted on figures 4, 6, 7, and 8. 
Metal concentrations at the Hog Heaven Mine are distributed peripherally to the Central 
porphyry dome, which intruded volcaniclastic rocks within the East dome complex 
(Figure 1). This dome complex is described by Lange et al. (in press) as a group of 
"multiple coalescing intrusive-extrusive" domes and associated flows. The Central 
porphyry dome is rhyolitic (Zehner, 1987), although previous studies (including Johns 
(1970), and CoCa Mines’ 1983 report and 1988 cross sections) have referred to it as a 
latite or quartz latite porphyry. The latite terminology was first used by Shenon and 
Taylor (1936), who classified the Hog Heaven rocks based solely on phenocryst 
mineralogy. Porphyritic rocks from Hog Heaven contain both sanidine and plagioclase 
(andesine of composition An̂  ̂ - An̂ g) phenocrysts.
The East porphyry dome, a second intrusion within the East dome complex, is 
located east of the Central porphyry dome. Both the Central and East porphyry domes 
were emplaced prior to the period of metal deposition, but most metals are concentrated 
in the volcaniclastic rocks surrounding the Central porphyry dome (Jonson and Project 
Staff, 1983). The Central porphyry dome is bisected by a north-south trending normal 
fault known as the Central Fault, which displaces the western side of the pluton 
downward. This fault may predate the pluton, and remained active both during and after 
its emplacement.
The Central porphyry dome was emplaced along the the Central Fault into a thick 
section of volcaniclastic rocks. Portions of these volcanogenic sediments may have been 
mineralized by hydrothermal fluids rising along the Central Fault before the the Central 
porphyry dome intruded along this same fault. Other portions of the volcaniclastic rocks 
became mineralized by hydrothermal fluids during and after this intrusion (Jonson and 
Project Staff, 1983).
Fig. 6a: Southern Section
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A stacked series of stratabound ("flat") ore bodies* occur peripheral to the Central 
porphyry dome. Some of them may have formed prior to emplacement of the dome, as 
a result of several cycles of deposition of volcaniclastic rocks followed by hot spring 
activity. If so, these ore bodies formed by near-surface boiling of metal-bearing 
hydrothermal fluids. They are characterized by zones of oxidation which extend above 
the ore horizons (Jonson and Project Staff, 1983). Alternatively, these stratabound 
deposits may have formed as a result of migration of fluids outward from the Central 
porphyry dome contact zones, forming replacement deposits along erosional surfaces and 
within permeable strata (Hahn, pers comm, 1992). The stratabound ore bodies in the 
lower part of the volcaniclastic section are massive enargite-pyrite bodies, and were 
clearly formed at depth. Locations of ore bodies are indicated on figures 15, 16a, and 
17a. Mineralization continued after emplacement of the Central porphyry dome as late- 
stage hydrothermal fluids migrated along the contact between the volcaniclastic rocks 
and the intrusion, and along the Central Fault.
The Central Fault is truncated at the southern end of the deposit by an east-west 
trending structure. This structure was previously interpreted as a normal fault (down to 
the south) called the South Fault (Jonson and Project Staff, 1983), which post-dates 
metal deposition and brings a post-mineralization trachyandesite flow into contact with 
the mineralized zones. Hahn (1988) states that this fault was merely inferred, based 
upon the juxtaposition of trachyandesite against altered, metal-bearing rock. A more 
probable explanation is that the juxtaposition is an igneous contact at a vent from which 
the trachyandesite was extruded.
Zones of metal concentration at the Hog Heaven Mine are surrounded by several 
distinct zones of alteration that grade outward to unaltered rock (Figures 5b, 6b, 7b,
16b, and 17b). Zones of vuggy silica, the most intense form of alteration at the Hog 
Heaven Mine, occur within steeply dipping vein and stockwork deposits where fluid
* "Ore" is an economic term. Whether these deposits are truly ore bodies or just 
metal deposits is dependent upon metal prices and mining and reclamation costs. Past 
reports have referred to several mineralized zones at Hog Heaven as "ore bodies"; the 
terminology is retained here for consistency.
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flow was concentrated, such as along the margins of the Central porphyry dome and 
within the Central Fault zone. These zones are narrow (usually less than 30 feet wide) 
and grade outward into massive silicified zones. The feldspar phenocryst sites in 
massive silicified zones typically contain quartz and alunite. These zones contain one to 
14 o p t. silver. This metal-bearing zone, characterized by massive silica + alunite ± 
kaolinite alteration, grades outward into a kaolinite rich zone which contains little or no 
silver. A sharp contact occurs between this kaolinite zone and an illite/smectite ± 
kaolinite zone, which grades outward into less intensely altered rock, and ultimately into 
fresh rock. The sharp contact between the kaolinite and illite/smectite alteration zones 
coincides with the boundary between complete and partial alteration of sanidine 
phenocrysts (Cossaboom, 1981). Smectite, mixed-layer illite/smectite, and other low 
grade alteration products (such as phlogopite, sericite, and chlorite, which are products 
of biotite alteration) are found in this weakly altered region (Jonson and Project Staff, 
1983).
Pétrographie analyses (Lange et al. in press) have indicated that four separate phases 
of alteration occurred within the deposit. The oldest of these is an argillic phase, which 
was followed by silicic alteration, advanced argillic alteration plus hypogene oxidation, 
and supergene oxidation phases (Lange et al. in press). Argillic alteration is the 
dominant phase observed throughout the Hog Heaven district, and apparently resulted 
from interaction of magma-heated groundwater with the volcanic rocks. Argillic 
alteration is characterized by replacement of feldspars and volcanic clasts wih 
illite/smectite. Disseminated pyrite, which replaces iron silicate minerals, is also 
associated with this initial phase of alteration (Lange et al. in press).
The initial phase of argillic alteration at the Hog Heaven deposit was followed by 
episodes of silicic alteration. Two distinct forms, vuggy silica and massive silicification, 
occur. Vuggy silica alteration may pre-date ore deposition. The fine-grained 
groundmass of porphyritic rocks in vuggy silica zones was completely replaced by silica, 
and feldspar phenocryst sites were often left empty. Massive silicification also occurred, 
forming replacement deposits in the upper portion of the volcaniclastic sequence (Lange 
et al. in press).
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Advanced argillic alteration is more extensive than vuggy silica, and was apparently 
superimposed on this earlier phase of alteration. The advanced argillic phase resulted in 
the deposition of alunite, kaolinite, barite, jarosite, and other minerals within voids left 
by vuggy silica alteration. This phase also resulted in the alteration of illite/smectite 
(which formed during the argillic alteration phase) to kaolinite. Gold-bearing 
hydrothermal fluids may only have been associated with the advanced argillic phase, 
because gold occurs almost exclusively in zones characterized by this form of alteration 
(Lange et al, in press).
Deep hypogene oxidation, characterized by abundant red hematite, occurs in 
advanced argillic alteration zones at both the Hog Heaven and Ole Hill deposits. This 
hypogene oxidation extends to depths of hundreds of feet. In contrast, supergene 
alteration is shallow (30-50’) and characterized by minor amounts of orange limonite and 
jarosite. Within the supergene zone, pyrite oxidation products vary with depth. A zone 
of red-brown hematite and limonite, which occurs near surface, grades into a zone of 
orange limonite, then yellow jarosite, which penetrates into the zone of unoxidized pyrite 
(Lange et al. in press). Supergene alteration remobilized silver in weathered rocks, 
creating an enrichment blanket of acanthite (sooty argentite) between the surface and the 
water table.
Hypogene zonation of metals occurs from vuggy silica alteration zones outward 
through the massive silicification zones. The following gradation is typically observed: 
Au-Ag, Ag, Ag-Pb, Pb-Zn, Zn (Jonson and Project Staff, 1983). Also, vertical 
variation in concentration of metals and alteration minerals is apparent. Silicified beds 
and lead minerals are more abundant near the surface of the deposit. Gold, copper, and 
pyrite concentrations increase with depth. Alunite is slightly more abundant at depth, 
and its color changes from white to pink with depth (Jonson and Project Staff, 1983).
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Southern Section
The southern section (Figure 8) is nearly co-planar with the plane of the ’South 
Fault’ (or trachyandesite/volcaniclastic rock contact zone) which truncates the 
mineralized zone located to the north of this structure. The vent area contains a thick, 
weakly pyritized post-mineralization trachyandesite flow (or flows) (Figures 6a and 8).
A large zone of the pyroclastic rocks beneath this contact is mineralized. Enargite and 
argentite are the dominant ore minerals within this zone; pyrite, galena, and sphalerite 
are also present. This region of metal concentration (the South Block ore body) is 
located just south of the Central porphyry dome. The Contact and Central ore bodies 
extend northward from this southern mineralized zone, and flank the Central porphyry 
dome. The South Block ore body occurs within massive pyroclastics and may be a vent 
breccia/diatreme through which the dome was emplaced (Lange et al. (in press)). The 
southern section is bounded on the east by the East porphyry dome.
Central Section
The location and geology of the central section, which crosses the Hog Heaven Mine 
800 feet north of the southern section, are presented on figures 3, 7, and 8. The Central 
porphyry dome, a small porphyritic latite (or rhyolite) stock, lies in the middle of this 
section, surrounded by volcaniclastic rocks and bisected by the Central Fault. Belt rocks 
occur at a depth of approximately 600 feet on the east side of the pluton, and 1000 feet 
on the west side. Belt rocks, volcaniclastic rocks, and ore bodies dip away from the 
pluton on both sides. The East porphyry dome lies at the east end of this section.
Three zones of silicification occur along the section. One rises along the Central Fault. 
The other two roughly parallel the contact between the Central porphyry dome and the 
volcaniclastic rocks, with zones of silicification extending outward into permeable 
horizons within the volcaniclastic rocks.
Figure 6b is a cross section fifty feet north of the central section, and indicates the 
relationship between the geology and ore deposits at that location.
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Northern Section
The northern section through the Hog Heaven Mine crosses the northern portion of 
the Central porphyry dome. This section is located 700 feet north of the central section 
(Figures 3, 7, and 8). Belt rocks underlie volcaniclastic rocks in the the eastern portion 
of this section at a depth of about 500 feet. Drill holes have not intersected Belt rocks 
on the western end of the section. All but the easternmost portion of this section is 
covered by a post-mineralization flow which averages 125 feet thick. The geology of 
northern section is dominantly volcaniclastic rocks, which host the Lead Pit, Black Hole, 
and North Flat ore bodies (Figure 6c).
ANALYTICAL METHODS
SAMPLING
Drill holes were selected for sampling along three west - east lines through the Hog 
Heaven Mine in order to develop cross sections depicting patterns of hydrothermal 
alteration within the deposit. Drill holes along two lines through the Ole Hill deposit, 
one west - east and one south - north, were also chosen (Figure 3). The samples were 
obtained from cuttings and pulps, and were typically collected at an interval of one 
sample per twenty feet of drill hole. Pulps  ̂were preferentially sampled due to their 
facility of preparation for x-ray diffraction analysis. Bulk samples  ̂were collected if 
pulps were unavailable. Pulp and bulk samples both represent five foot intervals of core 
or cuttings. Initially, cuttings and pulps from the same hole and same depth were both 
prepared and analyzed by x-ray diffraction. The resulting diffraction patterns indicated 
that both types of samples yielded identical data.
SAMPLE PREPARATION
Bulk samples were crushed with a steel mortar and pestle to facilitate separation of 
the clay fraction from the whole rock. This step was not necessary for the pulps, as 
they had previously been crushed. Powdered samples of whole rock were then placed in 
250 ml. centrifuge bottles. A small amount of "sodium hexameta-phosphate" (sodium 
polyphosphate) solution was added to each bottle to prevent flocculation of the clays.
The bottles were then filled with de ionized water and shaken or stirred to suspend the 
clay fraction. The < 0.5 fim fraction was separated as described in Moore and
2 Pulps are powdered rock samples, which were obtained from either rotary or 
diamond drilling and were crushed and pulverized in preparation for fire assay.
3 Bulk samples are cuttings from rotary drilling, derived from five foot intervals.
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Reynolds (1990). If no < 0.5 fim material could be extracted from the samples, the
< 1 /tm or < 2 fim fraction was extracted and analyzed.
Oriented clay samples were prepared by passing the clay suspensions through
< 0.45 ^m micropore filters and then applying the clay-coated filter papers to glass 
slides. After partial drying, the paper could be peeled back, leaving the clay on the 
glass slide (Drever, 1973). Samples were strontium-saturated to cause smectite layers to 
expand uniformly (Eberl et al, 1986). When the slides were dry, they were placed in a 
sealed chamber containing vaporized ethylene glycol for at least 24 hours. This chamber 
was maintained at an elevated temperature by placing it under a heat lamp.
X-RAY DIFFRACTION ANALYSIS
Oriented ethylene glycol solvated samples were analyzed using a Philips Norelco 
x-ray diffractometer with a digital step counter, Cu K-alpha radiation, and a graphite 
crystal-monochronometer to determine mineralogy of the clay size fractions. Typical 
analyses involved measurement of x-ray diffraction peaks between 2"" and 32® two theta, 
using 30 kV tube voltage and 30 mA current, and divergent and Soller slits of 1® and 
0.5®, respectively. Samples were scanned at 0.1® angular increments with 5 second 
counts per increment for simple mineralogical identification.
Samples containing expandable clays were run with longer count times and at 
smaller increments for better peak resolution. Determination of expandabilities of 
illite/smectites was done using the NEWMOD™ computer program (Reynolds, 1985).
Several samples contained kaolin group minerals in the < 0 . 5  fim size fraction 
almost exclusively. Samples of this kind from several parts of the deposits were 
analyzed to determine the polytype(s) of the kaolin group mineral(s) present. For 
poly type determination, randomly oriented samples of the < 0,5 fim clay fraction were 
analyzed over an angular range of 2® to 65® two theta.
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PREPARATION OF CROSS SECTIONS
Sample locations were plotted on cross sections provided by CoCa Mines, Inc. that 
included geology and drill hole locations with accompanying assay values'*.
Mineralogical data for each sample were plotted at each sample location. Sections were 
then drafted at a scale of 1 inch = 145 feet.
On one set of copies, mineralogical data were again plotted. By interpolating 
between samples of similar mineralogical content, boundaries between zones 
characterized by different alteration minerals were drawn and the alteration panels 
completed. In locations where interpolation was difficult (such as where alteration 
assemblages changed rapidly over short distances) intervening samples were prepared 
and analyzed if available.
On a second set of copies, silver assay data (based on homogenized five foot 
intervals of core) were plotted. These data were contoured to complete the silver grade 
panels. Although the deposit contains significant concentrations of copper, lead, and 
zinc, cores were only assayed for silver and gold. Because gold concentrations are 
typically negligible (100:1 to 1000:1 Ag:Au), only silver values were contoured.
Sample locations and geologic information from CoCa Mines’ cross sections were 
drafted on a third set of sections.
4 Assay values for portions of several drill holes on the northern Main mine section, 
and for a few holes on other sections, were not available.
DATA
Data from approximately 300 analyzed clay samples from the Hog Heaven Mine and 
Ole Hill deposits were used to determine the distribution of alteration minerals within 
and surrounding the metal deposits (Table 1, Appendix I). Sample locations are 
indicated on figures 16, 19, 24, 28, and 31. Alteration patterns, based on analyses of 
samples from these locations, are presented on figures 17, 20, 25, 29, and 32.
MINERALOGY
X-ray diffraction analyses of < 0.5 ^m e.s.d. size cuts (or < 1 or < 2 ^m size 
cuts when necessary) of samples from the Hog Heaven deposits show that these size 
fractions contain predominantly clays; quartz, albite and/or adularia, alunite, jarosite, 
and zeolites were also detected in some samples.
Jarosite and alunite are end members of a mineral group which varies in 
composition between KFe)(S0 4 )2(OH)g and KAl3(SOj2(OH)g. H^O  ̂ and Na^ may 
substitute for in jarosite or alunite (Schultz, 1964; Stoffregen, 1987). X-ray 
diffraction patterns of alunite and jarosite (Figure 9, patterns II. & III.) are very similar; 
the minerals are distinguished by variations in relative peak intensities. Jarosite and 
alunite commonly occur together at the Hog Heaven Mine (Shenon and Taylor, 1936), 
with alunite being the more abundant mineral. In some cases, jarosite was found to 
occur as inclusions within alunite.
Diffraction data indicate that the albite detected in some samples is potassian 
[ (Na,K)AlSi)08 ], and typically has poor crystallinity (broad diffraction peaks).
X-ray diffraction analyses of whole rock samples from the Hog Heaven Mine 
indicated that both plutonic and volcaniclastic rocks in this area contain predominantly 
quartz and feldspar.
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CLAY MINERALOGY
Clay minerals associated with the Hog Heaven district deposits include: smectite, 
randomly interstratified (RO) illite/smectite, rectorite (regularly interstratified (Rl) 
illite/smectite of 50:50 proportions), Rl illite/smectite, R3 illite/smectite, illite, 
muscovite, kaolinite (IT and possibly IMd poly types), b-axis disordered kaolinite, and 
pyrophyllite. Chlorite may also be present at the Hog Heaven Mine, but was not 
positively identified.
SMECTITE
Smectite (Figure 10) occurs in several samples from the northern part of the Hog 
Heaven Mine, in both the post-mineralization trachyandesite flow and upper portions of 
the underlying volcaniclastic rocks (above the stratabound Black Hole and North Flat ore 
bodies, which are indicated on figures 6c and 7). Smectite also occurs in th’e eastern 
half of the Central porphyry dome (Figure 29), and within the upper hundred feet of the 
southeastern portion of the Hog Heaven Mine area (Figure 25). In this area, smectite- 
bearing zones cut geologic contacts; the smectite probably formed by weathering of 
near-surface rocks. Cossaboom (1981) determined that smectite associated with the Hog 
Heaven deposit is dioctahedral. It could therefore be montmorillonite or beidellite. 
Cossaboom classified the clay as nontronite, an iron-rich beidellite, based on it’s green 
color. Johns (1970) also states that "fumarole mud" from the Hog Heaven and West 
Flathead mines contains iron-rich beidellite.
Smectite was not observed in the Ole Hill deposit.
ILLITE/SMECTITE
Illite/smectite (Figures 11 and 12) is one of the most abundant alteration products at 
the Hog Heaven Mine, and also occurs sporadically in the Ole Hill deposit. At the Hog 
Heaven Mine, illite/smectite most commonly occurs within the plutonic rocks, but is
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also found within volcaniclastic rocks. Rl illite/smectite is the most abundant variety 
observed at the Hog Heaven Mine, and varies in structure between approximately 50% 
and 85% illite layers. R3 illite/smectite was observed in four samples from the southern 
Ole Hill region (drill hole R 88-17, 100 - 215 foot depths) and one sample (AFR 80-23, 
350-355’) from the southern Hog Heaven Mine region (Table 1 and Figure 4b). R3 
illite/smectites from these five samples varied between approximately 85% and 89% 
illite layers, as determined by NEWMOD™ (Reynolds, 1985) modelling.
RECTORITE
Cossaboom (1981) noted the occurrence of rectorite at the Hog Heaven Mine. His 
data, however, indicated that he used the term "rectorite" to describe any Rl ordered 
illite/smectite. The "rectorite" diffraction pattern in Cossaboom (1981) is shown by 
NEWMOD™ modeling to be from an illite/smectite containing between 60% and 70% 
illite layers. True rectorite was, however, identified in a few samples analyzed during 
this study. Samples that contained rectorite or Rl illite/smectite of near-rectorite 
proportions were obtained from the southern Ole Hill deposit, from the central, eastern 
central and central northern portions of the Hog Heaven Mine area. (Figures 11, 13,
14, and Table 1; samples R88-17, 20’; R83-89, 50’; AFD 81-8, 500’; AFR 80-27, 
200’; and D83-42, 440’)
ILLITE AND MUSCOVITE
Occurrence of muscovite and/or discrete illite (Figure 15, patterns III. - VII.) was 
most often documented in samples derived from rocks of the Belt supergroup.
Diffraction patterns of these samples typically had very high peak height to width ratios, 
indicating that the crystallites were relatively very thick compared to typical clay mineral 
crystallites (as determined by NEWMOD™ modelling). Some samples had much broader
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peaks, indicative of illite or vermiculitized muscovite. Ravalli Group rocks in the Hog 
Heaven area should contain 2Mi illite, and possibly IMd illite, based on regional 
diagenetic grade (Ryan, pers comm, 1993). One polytype determination was performed 
on a sample of muscovite from Ole Hill (drill hole AOR 81-178, 80-85’ depth; Figure 
15); the muscovite poly types in this sample were tentatively identified as 2 M2 ±  IMd. 
The randomly oriented sample contained more kaolinite than muscovite, and interference 
with kaolinite diffraction peaks made the poly type determination uncertain.
KAOLINITE
Kaolinite (Figure 13) is the most abundant clay mineral in analyzed samples from 
the Hog Heaven district. Its apparent abundance is a result of sampling bias, as most 
drill holes were drilled into zones known or suspected to contain metal concentrations. 
Such zones are also rich in kaolinite. Low-grade regions in the plutonic and 
volcaniclastic rocks which contain mostly illite/smectite were either not drilled, or 
drilling was stopped when these low-grade regions were reached.
Kaolinite is a 1:1 layer silicate and has a unit cell thickness of approximately 7 
Angstroms. Three major kaolin group mineral polytypes exist: kaolinite, nacrite, and 
dickite. Each has the formula Al2Si20s(0H)4, and cannot be distinguished by x-ray 
diffraction analysis of oriented samples. Cossaboom (1981) indicated that the kaolin 
group mineral that occurs in the Hog Heaven deposit is b-axis disordered kaolinite, 
based on ’bandhead’ reflections observed in analyses of randomly oriented samples. In 
the current study, polytype determinations performed on samples of kaolin group 
minerals from the Hog Heaven district indicate the presence of the IT kaolinite 
polytype, based on observed peak positions. Some samples may also contain b-axis 
disordered kaolinite or IMd kaolinite, as indicated by bandhead reflections.
Two samples of kaolinite-rich clay from the Ole Hill deposit were analyzed to 
determine the poly type of the kaolin group mineral. Both were selected on the basis of 
the absence of other minerals in their < 0.5 fxm fractions. The first, AOR 81-157, 100’ 
- 105’, was taken from the western portion of the deposit, deep within Belt rocks. This
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sample was identified as 1 T kaolinite. The second sample, AOR 81-42, O’- 5’, came 
from the northern part of the deposit, from near-surface volcaniclastic rocks. This 
sample also contains 1 T kaolinite, and may also contain some b-axis disordered 
kaolinite or 1 Md kaolinite, as suggested by the size of the ’bandhead’ reflection.
Three samples of kaolinite-rich clay from the Hog Heaven Mine deposit were also 
analyzed. These samples (D 83-2, 185-190’; R 83-42, 200-205’; AFR 80-28, 200-205’) 
originated from the northeastern, northwestern, and central eastern portions of the 
deposit, and were each derived from volcaniclastic rocks. All three samples from the 
Hog Heaven Mine contained 1 T kaolinite, and possibly b-axis disordered kaolinite or 
IMd kaolinite.
Kaolin group minerals that occur in areas of the Hog Heaven deposits that are 
less altered (areas where illite/smectite or smectite are the dominant alteration products) 
typically have lower peak height: width ratios than kaolinite from zones of advanced 
argillic alteration (where kaolinite is associated with alunite, jarosite, and quartz).
Kaolin group minerals in these areas may include halloysite and b-axis disordered 
kaolinite; no polytype identifications were attempted on these minerals, however, 
because they are present in relatively low abundances compared to the expandable clays 
which they are associated with.
PYROPHYLLITE
Pyrophyllite (Figure 9, pattern I.) was detected at the Hog Heaven Mine in several 
samples from AFD 81-3, the deepest core examined. This core, located on Figure 5A, 
intersects the South Block ore body. Kaolinite and quartz were also observed in these 
samples.
Pyrophyllite was also found in samples from the southernmost Ole Hill drill hole 
examined (R 88-17). This pyrophyllite came from the lower portion of the drill hole, 
and was associated with kaolinite and R3 illite/smectite.
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CHLORITE
In a few samples, very small diffraction peaks between 14 A and 14.2 A were 
observed, corresponding with the Chlorite dOOl peak. Chlorite’s d002 and d004 peaks 
can be obscured by the dOOl and d002 peaks of kaolinite.
Chlorite is a 2:1:1 layer silicate with a layer thickness of approximately 14.2 A. 
Because the second and fourth order diffraction peaks (d002 = 7.1 A, d004 = 3.55 A) 
coincide with first and second order diffraction peaks of kaolinite, identification is 
difAcult in samples that contain both minerals. Further difficulty results from the fact 
that the intensities of chlorite’s odd-ordered (001, 003....) diffraction peaks are low in 
iron-rich chlorite. Small 14 to 14.2 A peaks were observed in some samples. Because 
the heights of these peaks were so low, presence of chlorite in these samples (Table 1) 
was not certain.
Studies conducted elsewhere within the Belt Supergroup have found the Revett 
Formation of the Ravalli Group to contain abundant chlorite (Ryan, 1991). The absence 
of chlorite within Ravalli Group rocks examined in this study suggests that chlorite 
might have been destroyed early during the alteration sequence at Hog Heaven. The 
chlorite destruction halo might extend well beyond the mineralized zones, as chlorite was 
not found at depth in any drill holes. Chlorite is acid-soluble (Schultz, 1964), and is 
therefore not likely to have remained stable (or formed) in the acidic hydrothermal 
environment in which the Hog Heaven district deposits formed.
ZEOLITES
Diffraction peaks indicative of zeolites were noted in some x-ray analyses. These 
samples were obtained from within the trachyandesite flow (southern Hog Heaven Mine) 
and from near the contact between the East porphyry dome and adjacent volcaniclastic 
rocks (hole R-83-11; central section). More specific mineralogical identifications were 
not attempted due to low relative abundances and poor peak resolutions.
DISCUSSION OF DATA
OLE HILT.
Silver-gold mineralization at the Ole Hill deposit is hosted within quartzites and 
siltites of the Precambrian Belt Supergroup and within the overlying Tertiary 
volcaniclastic rocks. Hydrothermal fluid flow in this region concentrated along faults, 
fractures and permeable strata within the upper portions of the Belt rocks and overlying 
regolith, depositing metals and altering muscovite and feldspar to kaolinite. Secondary 
quartz also characterizes areas of most intense fluid flux.
WEST - EAST SECTION
Lithology and structure, alteration mineralogy, and silver concentrations along a 
west-east trending cross-section through the Ole Hill deposit are presented on figures 16, 
17, and 18. The section is offset, the western half of the section being 150’ north of the 
eastern half. This displacement was chosen in order to bisect the region of silver 
concentration and to utilize the maximum available drill hole data. The distribution of 
alteration minerals is based on 70 analyzed clay samples from 24 drill holes.
Alteration - Mineralization Relationship
The < 0 . 5  ^m size fraction of samples from near the surface of the Ole Hill deposit 
are generally kaolin-rich. Kaolinite abundance at Ole Hill decreases as the abundance 
of muscovite increases. This decrease in kaolinite generally occurs with increasing 
depth and laterally outward from zones of metal concentration. Figure 15 shows 
variation in kaolinite and muscovite content in a drill hole from the eastern end of this 
section. The dOOl of the mica is typically between 10À and 10.1À, and has very sharp.
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narrow diffraction peaks. This suggests that it is muscovite (or sericite) rather than 
illite. The mica is not believed to be sericite (formed by hydrothermal alteration of 
feldspar) because its distribution, as well as the characteristics of the hydothermal fluids 
responsible for alteration at Ole Hill (low ratios and relatively low temperatures)
indicate that the mica pre-dates alteration. The muscovite mica is probably derived from 
the Ravalli Group rocks, and is not part of the alteration suite. Ravalli group sediments 
commonly contain detrital mica (Ryan, 1991; Young, 1992). Mica within the 
volcaniclastic unit probably comes from Belt cobbles within the conglomerate. Some of 
the lOA material observed (particularly the samples which exhibit more broad diffraction 
peaks) may be diagenetic illite, which has been observed elsewhere in Ravalli Group 
sediments (Ryan, 1991).
Metals are concentrated at Ole Hill in areas where little or no muscovite mica 
occurs, but where both kaolinite and quartz are abundant in the < 0.5 jwm fraction.
This coincidence commonly occurs near high-angle fractures and other areas of higher 
permeability, such as the Belt/volcaniclastic contact. Hydrothermal fluids most likely 
rose or migrated along the fractures and spread into permeable units such as the 
conglomerate overlying the Belt rocks, depositing quartz, silver, and gold. The deeper 
regions, where mica is more abundant than kaolinite, do not contain precious metals.
The metal bearing solutions were likely very acidic. Low K^/H^ ratios resulted in 
hydrogen metasomatism of the surrounding rock, stripping away potassium and silica 
from the detrital mica and from feldspar, forming kaolinite and quartz (Hemley and 
Jones, 1964).
Jarosite (and possibly alunite) occurs in a small area of the western end of the 
section, in holes AOR 79-43 and AOR 79-3. Unlike occurrences of jarosite and alunite 
at the Hog Heaven Mine, this occurrence does not coincide with high silver grades.
This suggests that jarosite from Ole Hill, unlike Hog Heaven Mine jarosite, may be of 
supergene origin (Hahn, pers comm, 1993). However, Shenon and Taylor (1936) report 
the occurrence of metal-bearing rock containing alunite of apparent hypogene origin at 
the Ole Mine.
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SOUTH-NORTH SECTION
Lithology and structure, alteration mineralogy, and silver concentrations along a 
south-north trending cross-section through the Ole Hill deposit are presented on figures 
19, 20, and 21. The distribution of alteration minerals is based on 50 analyzed clay 
samples from 17 drill holes.
Alteration - Mineralization Relationship
Northern Region: Kaolinite is pervasive and predominant in the northern part of 
this section (Figure 20), as it is in the west to east section. Muscovite occurs in the 
volcaniclastic unit in the northern half of the section. The source of this mica is 
probably clasts of Belt rocks incorporated into the volcaniclastic rocks. The upper zone 
of in situ Belt rocks is commonly depleted in mica, but kaolinite is abundant. Some 
mica appears in the upper portion of the Belt rocks in the region around hole AOR 81- 
61 (Figure 20). Mica present in this zone may occur in less permeable strata, such as 
argillite units, which would have been more resistant to leaching by acidic hydrothermal 
fluids. Mica is abundant deeper in the Belt section, and probably continues to increase 
in abundance relative to kaolinite beneath the zone for which data is available (as 
alteration intensity decreases). Mica predominates over kaolinite only near the center of 
this cross-section, within Belt rocks.
Quartz occurs in the < 0 . 5  ^m fraction near the fault in the central part of the 
section and north of this, in hole AOR 81-61. This region is shown on the west to east 
section as being flanked by fractures. The highest silver grades in the northern part of 
this section occur in this silicified region. Quartz (as well as kaolinite) is abundant in 
the < 1 fim fraction at depth near the southern part of the cross-section, along the 
steeply sloping Belt/volcanic contact. No < 0.5 fim material was found in samples 
from near this contact. Low grade silver (approx. 1 ounce per ton) is present in this 
area.
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Silicification in the northern part of the cross-section coincides with higher silver 
grades (Figure 21). Silver is concentrated near fractures, contacts, and permeable strata 
in this region. As with the west-east section, the general alteration pattern indicates a 
decreasing abundance of < 0.5 /im muscovite (and perhaps diagenetic illite) with 
respect to kaolinite in the direction of increasing silver concentrations. In places, a zone 
in which kaolinite is the only apparent alteration mineral occurs adjacent to the high 
grade zones. This transition occurs where the grade reaches approximately one o.p.t. 
silver. Within the same interval, < 0 . 5  ^m quartz typically becomes apparent in the 
alteration mineral assemblage. Grades at the centers of these kaolinite-quartz zones 
reach 15 o.p.t. Ag per five foot interval of drill cuttings.
Southern region: The alteration petrology observed in cuttings from the two 
southernmost drill holes differs from that observed in other drill holes. R1 ordered 
illite/smectite is found in the upper portion of hole R 88-18, along with kaolinite, which 
is more abundant. Deeper in the hole (approaching the Belt-volcanic rock contact), only 
kaolinite and quartz were observed. Illite/smectite and pyrophyllite are more abundant 
than kaolinite within the volcanic rocks at the extreme southern end of this section.
Hole R 88-17 (the southernmost) begins in volcanics altered to R1 ordered 
illite/smectite, with lesser amounts of kaolinite (Figure 14). Kaolin in samples taken 
from the upper 50 feet of the hole exhibits low, broad diffraction peaks. This peak 
shape is unlike that fo the narrow, sharp kaolinite peaks seen in samples from deeper in 
the drill hole, and usually observed in kaolinite samples from elsewhere in the Hog 
Heaven deposits. The kaolin group mineral observed in the upper portion of the 
volcanic rocks in R 88-17 may be b-axis disordered kaolinite or halloysite. Degree of 
alteration increases with depth, resulting in larger kaolin crystallite sizes and therefore 
more narrow diffraction peaks.
The illite/smectite has R1 ordering and near - rectorite proportions in the upper part 
of hole R 88-17. Proportion of illite layers in the illite/smectite increases with depth, 
until ordering changes to R3 at a depth between 50 and 100 feet. A small zone of 
silicification appears to accompany the R3 illite/smectite and kaolinite at a depth of
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about 150 feet (Figure 14). Quartz (<  0.5 jum e.s.d.) in this zone is not abundant, 
however. Beneath this zone, pyrophyllite appears. Presence of R3 ordered 
illite/smectite indicates temperatures of formation in the 150®C to 190®C range (Jennings 
and Thompson, 1986; Harvey and Browne, 1991). Occurrence of pyrophyllite at these 
low temperatures implies that hydrothermal solutions in this region were saturated with 
amorphous silica (Hurst and Kunkle, 1985). Amorphous silica may be present as an 
alteration product in this region, and elsewhere at Hog Heaven, but is invisible to X-ray 
diffraction analyses due to its lack of crystalline structure.
The relationship between secondary ( < 0 . 5  fim) quartz and silver in the southern 
region is not as strong as that in the northern region of the section. Here the highest 
silver grades occur in the pyrophyllite zone rather than in the silicified zone (Figure 4b).
The alteration and silver distribution patterns in the southern Ole Hill region are 
unlike those observed elsewhere in the Ole Hill deposit. Geologically, the southern 
region of Ole Hill differs from the rest of Ole Hill in that a thick section of volcanic 
rocks is preserved. A drill hole approximately 150’ southwest of hole R 88-17 
intersected a massive sulfide deposit at the Belt/volcanic rock contact (Hahn, pers. 
comm., 1989). This sulfide body contains high Cu-Pb-Zn concentrations. Visual 
inspection of drill cuttings from R 88-17 also revealed abundant sulfides. The 
metalliferous zone within these volcanic rocks, based on assay values from R 88-17, has 
extreme variability of grade. This suggests fracture-controlled deposition of metals.
The region in which metal concentration occurred is characterized by an alteration 
assemblage of pyrophyllite, R3 illite/smectite, kaolinite, and sulfides. Secondary quartz 
was not observed in samples from the zone of metal concentration. Pyrophyllite is not 
present outside the metal-rich zone; however, R3 illite/smectite - kaolinite alteration 
does extend roughly 100 feet beyond this zone. The ordering of the illite/smectite then 
changes to Rl, between depths of 1(X) and 50 feet. This transition is accompanied by a 
change in structure of the kaolin group mineral from large kaolinite crystallites to 
smaller crystallites of either b-axis disordered kaolinite or halloysite. Both of these 
transitions (Rl I/S > R3 I/S and halloysite to IT kaolinite) indicate an increase in size 
and ordering of the crystallites in the direction of the metal deposit (and in the direction
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of the possible feeder zone).
HOG HEAVEN MINE
Deposition of metals at the Hog Heaven deposit was accompanied by intense 
alteration of surrounding rocks by epithermal acid-sulfate solutions (Lange et al. (in 
press); Cossaboom, (1981)). Initial and lowest grade alteration at Hog Heaven is 
characterized by replacement of plagioclase phenocrysts by smectite and quartz 
(Cossaboom (1981), Hemley and Jones (1964), etc.). In more highly altered regions, 
this process was accompanied by replacement of sanidine phenocrysts by mixed-layer 
illite/smectite (I/S). Where no fresh feldspar remained, continued leaching formed 
kaolinite from illite/smectite (Cossaboom, 1981). The intensity of alteration increases 
toward fracture zones, where high fluxes of acidic hydrothermal fluids resulted in 
extremely low cation/H^ ratios. As a result, soluble cations were stripped away from 
the parent rock, leaving behind mostly quartz. Additional quartz, together with alunite 
and sulfide minerals were added to this residual quartz by precipitation from 
hydrothermal solutions.
Alteration patterns identified in this study are depicted using three west to east 
sections which cross the mine in its southern, central, and northern regions. Data from 
these sections were used to generate two other alteration panels through the Hog Heaven 
Mine, one south-north and one horizontal (plan) section at the 3973’ elevation. These 
additional sections (Figures 22 and 23) help to provide a three dimensional 
understanding of alteration patterns within the deposit.
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SOUTHERN SECTION
Lithology and structure, alteration mineralogy, and silver concentrations along a 
west-east trending cross-section through the southern region of the Hog Heaven Mine are 
presented on figures 24, 25, and 26. The distribution of alteration minerals is based on 
46 analyzed clay samples from 7 drill holes. The southern section crosses the Hog 
Heaven Mine area just south of the Central porphyry dome (Figure 3). It passes through 
an extensive region of mineralized volcaniclastic rocks known as the the South Block ore 
body, which may be a diatreme (Hahn, pers comm, 1993). This region is bounded to 
the east by the East porphyry dome (Figure 24). Mineralization is concentrated along 
the contact between this dome and the volcaniclastic rocks (Figure 26).
Alteration - Mineralization Relationship
Trachyandesite: The post-mineralization flow (classified as a rhyolite by Zehner 
(1987), but previously referred to as ’trachyandesite’ in CoCa Mines’ reports and cross 
sections) is not altered to the same degree as the underlying volcaniclastic rocks are. 
Jonson and Project Staff (1983) note that this flow is "weakly pyritized". Samples from 
two drill holes from the western end of this section contain kaolinite and albite in the 
<  2 ^m e.s.d. size fraction (Figures 24 and 25). Samples from these cores rarely 
contained < 0 . 5  fim crystalline material. Because the southern section is nearly co- 
planar with the margin of the trachyandesite vent, it is possible that the alteration 
minerals observed in trachyandesite samples from this section are the result of fluid 
migration along the margin of the vent zone, and are not representative of the alteration 
petrology of the flow as a whole. No samples were available from drill holes located 
along the central portion of this cross section. Due to section geometry, the 
trachyandesite unit appears to thin to the east along this section. Samples from the 
eastern portion of the flow contain mostly smectite, with small amounts of kaolinite.
No Ag-Au concentrations occur within the trachyandesite along the southern section.
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East porphyry dome: Smectite occurs in the upper 100 feet of the section and in the 
overlying colluvium. Smectite was also observed in one sample from deeper within the 
East porphyry dome (Figure 25 and Table 1). Because this smectite alteration is 
restricted to near-surface rocks, and appears unrelated to geology (it crosses 
volcaniclastic, intrusive, and post-mineralization extrusive rocks, as well as colluvium), 
it is believed related to recent surficial weathering.
Rl ordered illite/smectite is the most common clay mineral detected in samples from 
the East porphyry dome. These mixed-layer clays have illite to smectite layer ratios 
close to that of rectorite (50:50) in the upper portion of the pluton. With depth (i.e. 
approaching more intensely altered zones) the illite layer to smectite layer ratio in the 
illite/smectite increases to between 0.8 and 0.85. Illite/smectite then changes from Rl to 
R3 ordering when its illite content exceeds 85 percent. This Rl to R3 transition occurs 
close to more intensely altered zones (which contain no illite or illite/smectite) near the 
contact between the dome and the volcaniclastic rocks. Kaolinite occurs with 
illite/smectite in portions of the dome, and increases in abundance toward the contact 
with the surrounding volcaniclastic rocks. Silver grades within the East porphyry dome 
are generally less than 0.25 o.p.t., but approach 1 o.p.t. along the western margin, near 
the contact with the volcaniclastic rocks.
The geologic section (Figure 24) indicates what appears to be a sill extending 
westward from the East porphyry dome into the volcaniclastic rocks. Alternatively, this 
structure may also be the southernmost extent of the Central Porphyry Dome, or it may 
be the top of the diatreme. This structure may have blocked or diverted fluid flow 
rising through the volcaniclastic rocks in this area, causing metal concentration.
Samples from this structure, which is located just above the high grade zone, are 
intensely altered and contain alunite, silica, and minor kaolinite in the < 1 fim or < 2  
fim fractions. Less than 0.5 fim material was not present.
Volcaniclastic rocks: Near-surface volcaniclastic rocks (beneath the colluvium, right 
of center in figure 25) contain abundant smectite, as do the near-surface portions of the 
other rock units in this area. This smectite is the result of weathering. Beneath this 
zone, the volcaniclastic rocks are altered to kaolinite. Abundance of < 0.5 fim material
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appears to diminish with depth. Less than one fxm quartz and kaolinite occur just above 
the high grade silver zone. Alunite joins quartz and kaolinite at the boundary of this 
zone. Kaolinite is absent from this assemblage in the zone of highest silver 
concentration. The highest silver grades ( > 30 o.p.t.) occur in the volcaniclastic rocks 
beneath the ’sill’ (Figures 24 and 26). Kaolinite reappears beneath the high grade zone.
Pyrophyllite occurs in the deepest samples from this section (AFD 81-3, Figure 5a) 
between depths of approximately 700 and 1500 feet. Quartz and kaolinite, and 
sometimes alunite, occur along with the pyrophyllite. Pyrophyllite, like alunite, does 
not occur in all samples from this hole. The sporadic distribution of these two minerals 
may indicate separate phases of alteration controlled by different fracture systems or 
multiple fracturing and mineralizing events with varying fluid chemistry and/or 
temperature. The spatial relationship of alteration assemblages in this region is probably 
much more complex than indicated on figure 25, as the figure is based on too few 
samples to adequately characterize alteration patterns formed by fluid flow along 
multiple fractures.
Assay values from deeper portions of drill holes on the eastern side this panel are 
also highly variable. Intervals of core (or cuttings) adjacent to those with high silver 
grades (e.g. > 10 o.p.t.) may contain < 1 o.p.t. silver. This also suggests fracture- 
controlled mineralization, as would occur in a diatreme or vent breccia.
The presence of pyrophyllite in this deep core suggests that temperatures in this part 
of the system may have exceeded 250®C to 300°C during the alteration process, as 
kaolinite is not stable above these temperatures (Hurst and Kunkle, 1985; Hemley et al. 
1980) (Figure 27). Alternately, pyrophyllite could have developed at much lower 
temperatures if aqueous silica concentrations were sufficiently high. Pyrophyllite had 
not been reported at Hog Heaven previous to this study, and the mineral is not observed 
in any drill holes completed at shallower depths (with the exception of R 88-17, from 
the southern Ole Hill), indicating that temperatures (and/or dissolved silica 
concentrations) during mineralization increased with depth.
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CENTRAL SECTION
Lithology and structure, alteration mineralogy, and silver concentrations along a 
west-east trending cross-section through the central region of the Hog Heaven Mine are 
presented on figures 28, 29, and 30. The distribution of alteration minerals is based on 
79 analyzed clay samples from 17 drill holes.
Alteration - Mineralization Relationship
The most intense alteration along the central panel is concentrated along the pluton- 
volcaniclastic rock contact and along the Central Fault. Alteration intensity diminishes 
rapidly away from these locations. The lowest grade alteration product found along this 
section, smectite, occurs east of the Central Fault within the non-silicified portion of the 
Central porphyry dome (Figure 29). Rl ordered illite/smectite is the dominant clay 
mineral in unsilicified portions of this intrusive, and is also abundant in unsilicified 
volcaniclastic rocks. The illite : smectite layer ratio in these mixed-layer clays varies 
from approximately 50:50 to about 85:15, with mineral compositions of 70% to 80% 
illite-like layers being most common. In general, the ratio of illite layers to smectite 
layers in mixed-layer illite/smectite increases in the direction of more intense (kaolinite) 
alteration. Silver concentrations do not exceed 0.25 o.p.t. in regions where 
illite/smectite or smectite are the dominant alteration products. Some kaolin group 
minerals also occur in these regions; these clays have low peak height:width ratios, 
which indicates that they may be halloysite. Adjacent to silicified zones, the abundance 
of kaolinite, as well as its crystallite size, increases relative to illite/smectite. Quartz 
and illite/smectite appear to coexist near the edge of silicified zones, but this may be due 
to mixing within pulp samples. Illite/smectite disappears from samples before the 
alunite zone is reached, resulting in a zone of kaolinite ± quartz surrounding zones of 
metal concentration. Silver concentrations are near 1 o.p.t. in the transition zone 
between kaolinite-quartz alteration and alunite-kaolinite-quartz alteration. Samples from
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the highest grade silver zones, east and west of the pluton, contain alunite and quartz in 
the < 0 . 5  fxm fractions, but no kaolinite. These zones contain approximately 10 to 30 
o.p.t. Ag. Quartz is more abundant than alunite in the centers of these regions, and no 
< 0 . 5  fim material is present in most samples.
Previous mining has removed most of the high grade ore from along the Central 
Fault and western contact (the Lead Pit, West Contact, and Black Hole ore bodies; 
Figures 6 b and 29). Two other potential ore zones, the East and Lower East ore bodies, 
occur within the silicified region of the volcaniclastic rocks to the east of the Central 
porphyry dome. A massive enargite-pyrite deposit, the 2-4 ore body, is located beneath 
the pluton, on the western flank (Hahn, pers comm, 1992).
Traces of muscovite, sericite, and/or illite were also found in some of the samples 
from volcaniclastic rocks. Low peak intensities, interference with other peaks, and high 
intensity "noise" make precise identification of these 1 0  Angstrom minerals difficult.
NORTHERN SECTION
Lithology and structure, alteration mineralogy, and silver concentrations along a 
west-east trending cross-section through the northern region of the Hog Heaven Mine are 
presented on figures 31, 32, and 33. The distribution of alteration minerals is based on 
52 analyzed clay samples from 8  drill holes.
Alteration - Mineralization Relationship
The general alteration pattern observed along the northern section (Figure 32) 
suggests weak alteration near the surface, with more intense alteration at depth. The 
upper 30’ of the northern section is devoid of silver, with the exception of the northern 
tip of the Lead Pit ore body. The stratabound North Flat and Black Hole ore bodies 
occur at depths of 350 to 500 feet (Figures 6 c and 33).
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Most samples from the upper 200 to 300 feet of the section contain almost 
exclusively smectite. Kaolinite extends to the surface at the western end of the section, 
but is subordinate to smectite in the clay fraction. Poor sample availability makes 
interpretation of the alteration patterns of the northern cross section difficult. No 
samples from less than 2 0 0  feet depth were available for the eastern end of the section, 
and no samples at all were available from the center of the section. Based upon one 
sample from the eastern end of the section from a depth of 2 0 0  feet, plus two samples 
from a drill hole located 150 feet south of the center of this section and near-surface 
samples from the western end of the section, the dominant alteration product in the 
upper 200 to 300 feet of this section seems to be smectite. This is indicative of 
plagioclase phenocryst alteration. Most sanidine phenocrysts probably remain relatively 
unaltered, as little kaolinite and no illite/smectite is observed. Between depths of 200 to 
300 feet smectite disappears and kaolinite becomes the dominant clay mineral. This 
kaolinite is usually accompanied by < 2 ^m quartz. The kaolinite zone may rise nearer 
the surface above the North Flat ore body than indicated on figure 32, as it is found in 
the uppermost samples available. A sample from «  50 feet above this ore body 
contained R1 ordered illite/smectite of near rectorite proportions, along with kaolinite 
and albite. The extent of this rectorite zone is unknown. A trace of rectorite was also 
found in a sample from beneath the Black Hole ore body. Traces of chlorite and illite 
or muscovite were found in various samples from the volcaniclastic rocks. Muscovite 
occurs in samples from the bottom of hole D 83-2, which penetrates the underlying Belt 
rocks.
Only one sample from the northern Central porphyry dome was available. This 
sample came from near the contact between the dome and the surrounding volcaniclastic 
rocks. The sample contained kaolinite and quartz. Therefore, alteration patterns 
portrayed on figure 32 assume this to be typical of altered porphyry rocks of the 
northern section. However, the alteration petrology of this sample is not believed to be 
representative of Central porphyry dome rocks along the northern section. Most of the 
northern Central porphyry dome is probably altered to smectite and illite/smectite, as 
dome rocks along the central section are, but it is not portrayed this way on figure 32
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because no samples were available. The one available sample may have been selected 
for fire assay due to the nature of alteration observed in this portion of the core.
The North Flat and Black Hole ore bodies are strongly silicified, and usually contain 
no < 0.5 fxm material. Kaolinite is usually present, except in the highest grade regions, 
where jarosite (±  alunite) and silica are present in the < 2 ^m fractions (Figure 32). 
Jarosite joins the near-ubiquitous kaolinite-quartz assemblage where silver grades 
approach the 15 o.p.t. level, and kaolinite becomes depleted where ore grades reach 
approximately 30 o.p.t. Ag. The highest silver assay values in the North Flat and Black 
Hole ore bodies along the north section average 65 o.p.t. per five foot core interval.
The Black Hole and North Flat ore bodies appear to occupy the same stratigraphie 
interval, and may be connected. (A 550 foot gap in drill hole spacing prevents good 
correlation between the two sides of this section.) These flat (stratabound) ore bodies 
may predate deposition of the overlying volcaniclastic units and subsequent intrusion of 
the Central porphyry dome (Jonson and Project Staff, 1983). If so, these deposits may 
have formed by near-surface boiling of hydrothermal fluids in a hot spring environment. 
More recent studies by CoCa Mines suggest that they are replacement deposits formed 
contemporaneously with the "contact ore bodies".
Silicification ( < 2 /^m) extends upward from the Black Hole to the Lead Pit ore 
body, which is located »  200 feet above the Black Hole ore body. The silica-jarosite- 
kaolinite assemblage occurs in the one sample from the northern end of the Lead Pit ore 
body (hole R 83-50).
The Lead Pit ore body is located west of the Central porphyry dome, in the upper 
portion of the volcaniclastic sequence. This ore body is intersected by one drill hole 
(Figure 31) on this section, but no assay data were available. Silver grades shown on 
figure 33 for the Lead Pit ore body are hypothetical.
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ALTERATION GEOCHEMISTRY 
OLE HILL
Muscovite occurs in relatively unaltered quartzites, siltites, and argillites of the 
Ravalli Group rocks. These Belt rocks occur in situ in the lower portion of the Ole Hill 
deposit, and are incorporated in the upper portion as clasts within the volcaniclastic 
rocks. The lack of chlorite, which commonly occurs in Ravalli Group sedimentary 
rocks from other locations, suggests that these muscovite - bearing rocks have also been 
altered (Thompson, pers comm, 1992).
Alteration at Ole Hill may be represented by the following reaction (#1):
1 muscovite — > kaolinite
2 KAl2AlSi30,o(OH>2 4- 2 H3O+ + H,0 = 3 Al̂ SizOXOH)̂  + 2 K+
in which muscovite reacts with acidic hydrothermal solutions to form kaolinite (Hemley 
and Jones, 1964). Kaolinite may also have formed by alteration of feldspars within 
either the Belt or volcanic rocks (Reaction #2). In addition to kaolinite, the dissolution 
of plagioclase would produce quartz (Hemley and Jones, 1964):
2  andesine — > kaolinite + quartz
NagCaALSigOM + 4 H3O+ = 2 Al2Si2 0 5 (0 H)4  + 4 SiOj + 2Na+ + Ca+  ̂ + 2 KjO
Within the Ole Hill deposits, low silver concentrations occur in zones in which 
enough acidic solution interacted with the rock to alter all muscovite to kaolinite. Zones 
containing higher grade silver commonly contain < 0.5 fim e.s.d. quartz. As this is a 
finer grain size than that of the metamorphosed Belt silts and sands which compose 
much of the host rock at Ole Hill, it is probably the result of dissolution of 
aluminosilicates (such as andesine) within the host rock followed by precipitation of
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secondary silica in the < 0 . 5  fim fraction.
That secondary quartz is not observed in samples which contain muscovite suggests 
that the silica-forming reaction may have resulted from continued reaction between 
acidic hydrothermal fluids and the wall rock (e.g. feldspar dissolution) after all 
muscovite had been destroyed. Alternatively, the quartz-forming reaction may have 
proceeded much more slowly than muscovite dissolution did, or the volume of silica 
deposited may have been significantly less than the volume of kaolinite formed. If this 
is true, then < 0 . 5  f i m  quartz could be present in rocks which contain muscovite, but in 
insufficient quantities to allow detection by x-ray diffraction. Another explanation for 
the apparent lack of secondary quartz in weakly altered Belt rocks is that much of the 
secondary quartz may have re-precipitated in the > 0 . 5  f i m  fraction. Less than 0.5 ^m 
quartz appears to occur in zones of high hydraulic conductivity where large volumes of 
water passed through the rock. In these zones (e.g.: fractures within the Belt rocks, and 
the regolithic layer between the unweathered Belt and the overlying volcanics) a greater 
volume of metal-bearing fluid flow occurred, and therefore more silver was deposited.
The southernmost portion of the south-north Ole Hill panel exhibits a different 
pattern of alteration than the rest of the Ole Hill deposit does. Here, the volcanic 
section is much thicker and the Belt contact dips steeply. A massive sulAde deposit 
occurs at depth, near the contact with the Belt. In this area, alteration resulted in the 
formation of pyrophyllite, which may be indicative of either increased temperatures or 
dissolved silica concentrations (Figure 27). At high temperatures, pyrophyllite may 
form from K-mica and quartz (Reaction #3, Hemley and Jones, 1964)
3 K-mica + quartz — > pyrophyllite
2KAl2AlSi)0,o(OH), + 2H)0+ 4- bSiO; = 3Al2Si40io(OH)2 + 2K+ + 2 H2O
or from a dehydration reaction (Reaction #4) between kaolinite and quartz (Guilbert and 
Park, 1986).
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4 kaolinite +  quartz — > pyrophyllite 
Al2Si2 0 5 (0 H>4 + 2 Si02 = Al2Si40,o(OH>2 + HjO
The dehydration reaction occurs when an increase in pressure or temperature results in 
overprinting of existing alteration assemblages. Alternately, pyrophyllite formation may 
have been driven by high dissolved silica concentrations. The apparent absence of 
secondary quartz and apparent decline in abundance of kaolinite (relative to 
illite/smectite and pyrophyllite) with depth in hole R88-17 suggest that pyrophyllite 
formed by dehydration. However, either reaction may have occurred in the southern 
Ole Hill area, because the underlying Belt rocks may have provided K-mica (muscovite) 
needed for the other reaction (#3).
R1 and R3 ordered illite/smectite also occur in this pyrophyllite zone, and are 
probably alteration products of sanidine (Reaction #5, modified from Hemley and Jones, 
1964) or smectite (Reaction #6):
5 sanidine — > illite/smectite +  quartz
3.11 K A lSiA  +  0.17Na+ +  3 .7 6H3O+ 4- nH2 0  =
Nao.n-nHjO • Ko5Al2(Alo. î,.«)0,o(OH)2 + 6 S1O2 + 0.44Al̂ + + 4 .6 4 H2O + 2.61K+
6 beidellite — > illite/smectite
(Nao„Cao.i)Al2(Alo.„Si,.,,)0,o(OH), + 0.5K+ + 0.33Ar+ + nHjO =
(Cao.o5Nao.o6)-nH20 • Ko)Al2AL«,SL^O,o(OH)2 + 0.05Ca"+ + 0.07Na+ + 0.33S^+
The above reactions assume representative smectite and illite/smectite compositions. 
These minerals may have varied compositions. R3 illite/smectite would have more 
potassium and aluminum than R1 illite/smectite, and less sodium, calcium, and silicon. 
The smectite formula shown above was chosen because smectite at Hog Heaven is 
derived from dissolution of andesine, which may contribute both sodium and calcium 
cations to the smectite. Other studies (Johns, 1970; Cossaboom, 1981) have indicated
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that Hog Heaven smectite also contains iron, and is a nontronitic beidellite.
Southern Ole Hill is believed to contain a feeder zone from which mineralizing 
fluids spread out laterally through fractures into the northern Ole Hill area (Hahn, pers. 
comm., 1993). The temperature gradient indicated by the change from rectorite to R3 
illite/smectite alteration within 75 feet in the southern Ole Hill region suggests that this 
area was proximal to a major conduit for hydrothermal fluids from a near-by magma 
source. This southern area may have been the source for all Ole Hill metal deposits, or 
other feeder zones which were not identified in this study may exist on the north side of 
the Ole Hill deposit. The distribution of alteration minerals and silver (Figures 20 and 
21) indicate a relatively barren zone between southern and northern Ole Hill. This may 
indicate separate fluid sources for the northern and southern deposits; alternately, the 
south-north cross section may not intersect the primary fluid pathway(s) between 
southern Ole Hill and the northern portion of the deposit.
HOG HEAVEN MINE
The geologic and geometric relationships of alteration mineral assemblages within 
the Hog Heaven Mine are much more complex than those within the Ole Hill deposit, 
but the processes which altered and mineralized the rocks of both sites were similar.
The intensity of alteration and mineralization was governed by the volume of acidic 
metal-bearing fluids that reacted with the host rock. Fluid flow concentrated along 
faults, contacts, and permeable volcaniclastic units. Flow of hydrothermal fluids was 
apparently largely driven by heat from the intrusion of a rhyolitic pluton, the Central 
porphyry dome. Metal deposition occurred during epithermal hot spring activity 
associated with intrusion of this pluton (Jonson and Project Staff (1983)).
Reactions between acidic hydrothermal solutions and wall rock initially dissolved the 
more chemically reactive plagioclase phenocrysts. Plagioclase alteration may have 
resulted in either kaolin (Reaction 2) or smectite formation. The plagioclase > 
smectite reaction may be represented by Reaction #7 (from Hemley and Jones, 1964):
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7 albite — > Na-beidellite H- quartz 
l.lTNaAlSijOs + H+ = 0 .5 Nao,3Al2(AL„Si,«)0 ,o(OH), + 1.67 SiOj + Na+
or by Reaction #8 , which describes alteration of andesine, and is therefore more 
appropriate for describing alteration of plagioclase from Hog Heaven.
8  andesine — > Ca, Na - beidellite 4- quartz
Na2CaAl4Sig024 + 1.33H)0+ + 0.66A1'+ = 2(Nao„Cao.,)Al2(Alo.,3Si3,,)0,o(OH),
+ 0 .6 6 SiO2 + 1.74Na+ + 0.8Ca^+
Smectite is widespread in the upper portion of the northern cross section. The 
northern tip of the Central porphyry dome and adjacent volcaniclastic rocks were not 
influenced by hydrothermal fluids to the same degree as the southern flanks of the 
pluton, as indicated by the lack of metal deposits and the weak alteration along the 
porphyry/volcaniclastic contact in figures 8 , 32, and 33. Because the volcaniclastic 
rocks in this area were not as intensely altered as those to the south, smectite is common 
here rather than illite/smectite or kaolinite. Some smectite also occurs in the eastern 
half of the Central porphyry dome, along the central section (Figure 29). This may have 
resulted from a lower degree of fluid flow in this zone, because it is farther from major 
fracture systems than rock within the western side of the pluton is. Occurrence of 
smectite in near-surface samples may be the result of weathering.
In zones near fractures where the volume of fluid flow was high, sanidine 
phenocrysts also began to break down, forming illite/smectite (Reaction #5).
Smectite which previously formed from dissolution of plagioclase may also have become 
altered to illite/smectite (as described in the Ole Hill Petrology section, page 36) due to 
high temperatures within the pluton. Illite/smectite may also have formed directly from 
plagioclase if hydrothermal solutions contained adequate amounts of potassium 
(Reaction #9 and Figure 34):
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9 andesine — > illite/smectite H- quartz
Na^CaAl^SigOg  ̂ +  l.SnH^O 4- H3O+ + 0.75K+ =
1 .5 [(Cao.o5Nao.o6)-nH 2 0  • Ko5Al2AloJSL,,0 ,o(OH)J + SSiOj + 1.91Na+ + 0.93Ca"+
Additional hydrogen metasomatism due to continued interaction with acidic 
hydrothermal solutions resulted in alteration of smectite and illite/smectite to kaolinite 
(Cossaboom, 1981). Alteration of smectite to kaolinite (Reaction #10) occurred first, 
because smectite (like its parent mineral plagioclase) is less stable than illite/smectite or 
sanidine in acidic, low Na' /̂H'  ̂ environments. As a result, kaolinite coexists with 
illite/smectite in argillic alteration zones at Hog Heaven (Figures 20, 25, 29, & 32).
10 beidellite — > kaolinite + quartz
3 (Nao.3Cao.i)Al2(Alo.,sSi3.,,)0,o(OH), + H3O+ + 2 .5 H2O = 3.5Al2Si205(0H)4 + 4Si02 + 
0.39Na+ + 0.3Ca^+
Zones which contain no fresh sanidine also contain no illite/smectite. Dissolution of 
sanidine resulted in hydrothermal solutions of sufficiently high K^/H^ ratios for 
illite/smectite to remain stable. When all sanidine in a particular area had been 
depleted, K' /̂H'  ̂ ratios declined and potassium clays (illite/smectite) also dissolved 
(Reaction #11):
11 illite/smectite — > kaolinite + quartz
( C a o .0 5 N a o .0 6)  • n H î O  • K o .5 A l2 A lo .6 6 S i3 .3 4 0 ,o (O H )2  +  2 H ) 0 ^ =  1 . 3 3 A l 2 S i 2 0 ^ ( 0 H ) 4  +
0 .6 8 SiO2 + 0.5K+ + 0.06Na+ + 0.05Ca^+ + 2 .7 2 H3O+ 4- nH20
Kaolinite could also form directly from residual feldspar (i.e. andesine which was 
not previously altered to smectite), as described in the Ole Hill petrology section.
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Kaolinite is absent from areas of concentrated fluid flow where high grade ore zones 
formed. Precipitation of metal sulfides in these zones may have increased acidity of
hydrothermal solutions ( + (HS) + HjO = MS + H3O+ ), resulting in
destruction of kaolinite (Reaction #12):
12 kaolinite — > quartz
Al2Si205(0H>4 + 6 H3O+ = 2Si02 + UH2O 4- 2AP+
Kaolinite destruction may have been caused by interaction with solutions having a pH 
less than 2, which would increase the solubility of aluminum (Figure 35) (Stoffregen, 
1987). Alunite (KAl3(S0 4 )2(0 H)g ), which is stable in low pH - high [S] systems, is 
common in these Eh-pH regions. Alunite may have formed near fracture zones from the 
reaction of sulfate-rich acidic solutions with sanidine (Reaction #13; Stoffregen, 1987):
1 3  sanidine — > alunite 4- quartz
3 KAISLO, 4- 6 H3O+ 4- 2S0,: = KAl,(SO,)2(OH), 4- 2K+ 4- 9Si02 + 6 H2O
This may be the reaction which caused the complete destruction of sanidine in 
advanced argillic alteration zones, resulting in the destabilization of illite/smectite.
Alunite can also form from sericite (Cossaboom, 1981), but the rarity of sericite within 
the Hog Heaven deposit indicates that this is not a probable source. The lack of sericite 
at the Hog Heaven deposits indicates that K^/H^ ratios in hydrothermal solution were 
too low to favor sericite formation throughout the various alteration phases which 
occurred.
Acid sulfate solutions may result from SO -̂rich magmatic vapors or from oxidation 
of HjS during near-surface boiling (Stoffregen, 1987). Alunite from Hog Heaven is 
characteristic of alunite derived from magmatic waters (Lange et a l , in press; Rye et 
al., 1992). Supergene oxidation of H2S could not account for presence of pyrite and 
alunite at depths greater than 1500’, as observed in hole AFD 81-3.
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Vuggy silica zones represent the most intense alteration at Hog Heaven, and also 
contain the highest metal concentrations. These zones occur where the highest volume 
of hydrothermal fluid passed through the rock. In these zones the parent rock was 
completely replaced by silica (quartz), feldspar phenocrysts were dissolved, and their 
cavities were later filled with ore and gangue minerals during the advanced argillic 
alteration phase.
The presence of pyrophyllite suggests that hydrothermal solution temperatures at the 
Hog Heaven deposit may have been highest deep within the southern region of the 
deposit (within the diatreme). This pyrophyllite may have formed by dehydration of 
kaolinite and quartz in response to increasing temperature or pressure; alternately, 
pyrophyllite formation may have been the result of high concentrations of dissolved 
silica within this region. Pyrophyllite within the diatreme could not have formed from 
K-mica and quartz, because the alteration assemblage in this region does not contain 
sericite (or muscovite).
The absence of sericite within the alteration assemblage at the Hog Heaven deposits 
suggests that that K'^/H^ ratios in hydrothermal solutions were too low for K-mica to be 
stable. This is typical of acid-sulfate type deposits, and is a distinguishing feature 
between high sulfidation deposits such as Hog Heaven and adularia-sericite deposits 
(Heald et a l 1987).
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SIM ILAR Arm-STTLFATE DEPOSITS
INTRODUCTION
Acid-sulfate deposits typically have limited geographic extent, occur within 
rhyodacitic rocks, and formed contemporaneously with their host rocks (Heald et al. 
1987). They commonly contain abundant sulfur-rich minerals, hypogene alunite, and 
advanced argillic and argillic alteration assemblages. Enargite is a common ore mineral. 
Adularia is typically absent.
At the deposits to be discussed, the vuggy silica phase of acid-sulfate alteration 
typically predates ore deposition and closely follows emplacement of quartz latite 
(rhyolitic to dacitic) domes. This early phase of alteration is the result of degassing of 
an oxidized magma (Heald et al. 1987). Below 400°C, SO2 disproportionates to HjS 
and in the presence of water, subsequently forming isotopically light sulfides and 
heavy sulfates (Heald et al. 1987; Stoffregen, 1987; Rye et al. 1992). This isotopic 
variation between sulfates and sulfides differentiates deposits in which hypogene acid 
sulfate alteration occurred (Figure 36) from those in which acid-sulfate alteration 
occurred as a result of supergene oxidation of sulfides or atmospheric oxidation at the 
water table of HgS derived from fluids boiling at depth (Rye et al. 1992). Sulfates and 
sulfides produced by the latter two mechanisms retain similar isotopic ratios for ^%/^S.
Within these magmatic hydrothermal systems, vuggy silica alteration appears to be 
the result of interaction of the wall rock with waters primarily derived from 
condensation of magmatic steam (Rye et al. 1992). As the intrusion cools and 
groundwater convection cells develop, the meteoric component of hydrothermal fluids 
increases relative to the magmatic component. Most ore deposition typically occurs 
during this phase, possibly accompanied by continued advanced argillic (alunite plus 
kaolin or pyrophyllite) alteration (Rye et al. 1992). The degree of meteoric influence 
has been shown to be quite variable between deposits (Rye et al. 1992). Hydrothermal 
fluids at Julcani were primarily derived from magmatic waters; at Summitville a much
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Fig. 36. a and b. Schematic diagrams of (a) volcano-related hydrothermal systems showing possible 
steam-heated, magmatic hydrothermal, and magmatic steam environments of acid sulfate alteration, and 
(b) steam-heated environment of acid sulfate alteration overlying a near-neutral hydrothermal system 
with adularia-sericite-type mineralization driven by a deep magmatic heat source. Bold arrows indicate 
fluid flow. Modified from Henley and Ellis (1983). From Rye e t  al,, 1 9 9 2  .
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greater meteoric component is evident, particularly during later stage alteration. As the 
influence of meteoric water increases, alunite may be replaced by kaolinite (Stoffregen, 
1987), resulting in continued acid leaching and providing re-mobilized sulfide complexes 
for late-stage ore deposition.
Coldfield. Nevada (Au-Cu-Ag)
The Coldfield deposit of Esmerelda County, Nevada, occurs within altered Miocene 
(21 Ma) latites, dacites, and andésites. Cold, copper, and silver mineralization occurs 
within vuggy silica zones, which are surrounded by intense alunite-kaolinite alteration 
(Rye et al, 1992; Buchanan, 1981). This in turn is surrounded by an argillic alteration 
zone (kaolinite plus illite grading outward to montmorillonite) and then a propylitic 
alteration zone (Harvey and Vitaliano, 1964; Heald et al, 1987). Hypogene alunite 
within the deposit is of similar age to the host rock and indicates a magmatic 
hydrothermal sulfur source (Rye et al. 1992); however, intrusive rocks have not been 
identified near mineralized areas (Harvey and Vitaliano, 1964). The district has 
produced over 4 million ounces of gold.
Chinkuashih. Taiwan (Au-Cu-Ag)
The Chinkuashih district, located in northern Taiwan, has produced over 3 million 
ounces of gold, 2.6 million pounds of copper, and 6  million ounces of silver (Tan,
1991). At Chinkuashih, ore is associated with Pleistocene (1.2 Ma) dacite domes which 
intrude Miocene sandstones and shales along the axis of an east-northeast-trending 
anticline. Extrusive dacites are also present, but are typically not mineralized (Tan, 
1991).
Ore zones contain abundant sulfides and prevalent silicification. Pyrite, enargite, 
and luzonite are common. Alunite and barite occur adjacent to veins. Within the 
argillic alteration halo, alteration products include alunite, kaolinite, pyrophyllite, 
dickite, nacrite, and sericite (Tan, 1991).
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Julcani. Peru (Ag-Bi-Pb-Cu-W-Au)
The Miocene (10 Ma) Julcani Volcanic Field is similar in areal extent to the Hog 
Heaven Volcanic Field, and consists of a central core of dacitic and rhyodacitic flows 
and domes approximately 6  km. in diameter. Base-surge type pyroclastic deposits occur 
proximal to the volcanic center, and grade outward into ashflow deposits (Petersen et al. 
1977).
The volcanic complex developed at the intersection of an east-west-trending fault 
and a north-south trending anticline in Paleozoic shales and quartzites. Initially, 
volcanism was predominantly characterized by pyroclastic eruptions. Later, numerous 
dacitic and rhyodacitic domes were emplaced near the center of the complex (Petersen et 
a l 1977).
During the later stages of dome and dike emplacement, a hydrothermal center 
developed within the volcanic field near the location of the earlier pyroclastic vent. 
Pyritic gold-tungsten mineralization is associated with this early hydrothermal system 
(Petersen et a l 1977). Several other hydrothermal systems developed within the 
volcanic field, and ore-bearing solutions spread upward and outward along fracture 
systems from these hydrothermal centers. Main stage mineralization resulted in zoned 
deposition of several ore minerals, including (in order of increasing distance from the 
source) enargite, barite, tennantite-tetrahedrite, sphalerite, chalcopyrite, bismuthinite, 
galena, and stibnite (Petersen et a l 1977).
Acid-sulfate alteration developed at the center of the Julcani district prior to ore 
deposition, and has a vertical extent of at least 1300 feet (Rye et a l 1992). Cores of 
vuggy silica formed near the hydrothermal center, surrounded successively by zones of 
alunite-quartz-pyrite and kaolinite-quartz-pyrite alteration (Rye et a l 1992). This 
argillic alteration then grades outward into propylitic alteration (Petersen et a l 1977; 
Buchanan, 1981).
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Summitville. Colorado (Au-Cu-Ag)
The Summitville deposit is located on the edge of an early Miocene (22 Ma) caldera 
complex within the San Juan Volcanic Field of southwestern Colorado. This deposit is 
hosted within a porphyritic quartz latite dome which intrudes flows of andésite and 
rhyodacite that fill the caldera (Stoffregen, 1987). The quartz latite is bisected by the 
northwest-trending South Mountain fault, part of a major northwest-trending fault zone.
A number of discontinuous mineralized zones exist within the Summitville deposit. 
These zones have a general north to northwest trend, and appear to occur along fractures 
and intrusive contacts (Stoffregen, 1987). These permeable structures channelized 
hydrothermal fluids, resulting in zones of vuggy silica alteration. These zones may 
reach 300 feet in width and may extend downward over 1000 feet. They taper with 
depth, rarely exceeding 5 feet in width below a depth of 500 feet. Within vuggy silica 
zones, areas of massive silicification (in which phenocryst sites are filled with silica) 
also exist (Stoffregen, 1987).
Vuggy silica zones at Summitville are surrounded by zones of quartz-alunite 
alteration which may reach 100 feet in width. Quartz-alunite alteration, which resembles 
vuggy silica alteration except that potassium feldspar phenocrysts in these zones were 
replaced by coarse crystalline alunite rather than remaining as void spaces, occur both 
adjacent to zones of vuggy silica alteration and in locations where vuggy silica is not 
present. Quartz-alunite alteration grades outward to quartz-alunite-kaolinite alteration, 
and, in places this gradation continues to a pure quartz-kaolinite assemblage. The 
quartz-kaolinite assemblage occurs adjacent to the narrow vuggy silica zones which 
occur at depth. A typically sharp contact exists between the quartz 4- kaolinite ± 
alunite assemblage and an outer zone of intense illitic alteration (Stoffregen, 1987). 
Feldspars and biotite within this zone are completely replaced by illite, quartz, and 
occasionally minor amounts of kaolinite and montmorillonite. This zone grades outward 
from dominantly illitic alteration to a distal zone of predomininantly montmorillonite. 
Most of the South Mountain quartz latite has been affected by this distal alteration, 
which is also characterized by minor chlorite, pyrite and carbonates, and by destruction
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of primary magnetite (Stoffregen, 1987).
Most sulfides and gold mineralization at Summitville occur as open space filling 
within vuggy silica zones. Conditions during ore deposition were less oxidizing and less 
acidic than during precursor vuggy silica alteration (Stoffregen, 1987). The deep, 
narrow vuggy silica zones typically contain chalcopyrite (CuFeSj) and tennantite 
(CU12AS4S13), but mineralization in the extensive vuggy silica zones of the upper portion 
of the deposit is dominantly covellite (CuS) and luzonite (Cu^AsS ;̂ a low-T form of 
enargite). Sulfides are associated with kaolinite but not alunite, indicating that alunitic 
alteration preceded mineralization. Native gold is associated with the covellite-luzonite 
assemblage (Stoffregen, 1987). Within the upper 200 feet of the deposit some gold also 
occurs in barite-jarosite-goethite veins, indicative of localized highly oxidizing conditions 
produced by near-surface boiling contemporaneous with deeper sulfide mineralization 
(Stoffregen, 1987).
COMPARISON WITH HOG HEAVEN
All of the deposits described above formed since the Eocene epoch. The Hog 
Heaven deposits are oldest (Oligocene). Each deposit occurs within felsic to 
intermediate volcanic rocks, and is typically proximal to a porphyritic intrusive quartz 
latite dome of the same age. The Chinkuashih, Julcani, and Hog Heaven volcanic fields 
all appear to have formed near the intersections of fault systems with anticlines having a 
trend nearly perpendicular to the orientation of the fault lineament (Petersen et aL 1977; 
Tan, 1991; Lange et a l, in press). The metal suite at Hog Heaven is most similar to 
that of Julcani; both have abundant silver, lead, and copper, with subordinate gold, 
bismuth, antimony, and zinc. All of the deposits contain abundant pyrite and barite, and 
have silicified ore zones surrounded by alunitic and kaolinitic wall rock alteration.
Other clay minerals such as illite, illite/smectite, or smectite may be abundant in 
distal alteration zones, as is true at Summitville, Hog Heaven, and Coldfield; however, 
documentation of alteration assemblages outside of the kaolin zone is often sketchy. The 
presence or absence of expandable clays within the argillic haloes, and the percent
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expandability of those clays, may be an indicator of regional geothermal conditions 
during deposit formation. Alternately, the variations may be predominantly dependent 
upon geochemical or hydrologie conditions.
Harvey and Browne (1991) note in their study of New Zealand's Wairakei 
geothermal field that presence or absence of expandable clays was related to rock 
permeability. Where fluid flow was diffuse a sequence of mixed-layer clays was 
developed which correlated well with temperature curves, but where fluid flow was 
controlled by fractures or other permeable structures clay expandabilities were much 
more scattered. Hydrothermal solutions could rise rapidly along narrow conduits, 
allowing illite to precipitate directly from solution; in immediately adjacent wall rocks, 
the presence of RO illite/smectite indicated a much cooler geothermal regime.
Similar conditions would have existed during alteration of the Hog Heaven volcanic 
rocks. In large unfractured volumes of quartz latite, illite/smectite is prevalent and 
expandabilities vary slightly over considerable distances. In these regions, alteration was 
controlled by diffuse fluid migration and relatively constant regional geothermal 
conditions. Nearer fracture systems and within volcaniclastic rocks the mineralogy is 
more variable, and indicates the affects of rapidly migrating and geochemically variant 
acidic hydrothermal solutions.
The 38 analysed illite/smectite samples from the Hog Heaven mine averaged 68% 
illite-like layers. If the data of Jennings and Thompson (1986) from diagenesis within 
the Colorado River delta are correlable with conditions within a cooling magmatic dome, 
then this indicates that average temperatures during alteration were approximately 
140®C. The percentage of illite-like layers varied from 50% to 86%. This suggests 
temperature variations from 1 1 5 to 1 7 5 within the quartz latite dome.
These temperatures are slightly lower than most fluid inclusion temperatures 
obtained from similar deposits (commonly 200°C to 3(K)°C; Heald et aL 1987). 
However, illite/smectite does not occur within ore zones at Hog Heaven; temperatures 
within the dominant fracture systems which controlled acid-sulfate alteration and metal 
deposition may have been considerably higher.
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Studies indicate that at low pressures kaolinite stability is governed by water’s 
liquid-vapor pressure curve (Figure 27), and that kaolinite rapidly becomes unstable and 
is altered to pyrophyllite above temperatures of 2 5 0 to 3 0 0 (Hurst and Kunkle 
(1985); Hemley et aL (1980)). The predominance of kaolinite over pyrophyllite at Hog 
Heaven indicate that temperatures rarely if ever reached this range. Kaolinite is stable 
in solutions saturated in quartz, but not if solutions are saturated with respect to 
amorphous silica. If conditions of amorphous silica saturation are reached, pyrophyllite 
readily forms rather than kaolinite (Hurst and Kunkle, 1985). Localized occurrence of 
pyrophyllite at Hog Heaven may indicate rare conditions of amorphous silica saturation, 
or occasional exceedances of kaolinite’s thermal stability field.
Rectorite (50:50 illite/smectite) was only found in volcaniclastic rocks or proximal 
to silicified zones of the quartz latite, which may indicate that this mineral only formed 
from direct precipitation from hydrothermal solutions rather than by progressive 
illitiziation of smectite; however, not enough samples from unsilicified portions of the 
porphyry were available to verify this generalization. Also, RO illite/smectite was not 
observed within rocks of the quartz latite dome, which may indicate that feldspar 
phenocrysts were altered directly to R1 illite/smectite.
SUMMARY AND CONCLUSIONS;
Alteration assemblages at the Hog Heaven Mine spatially correlate with zones of 
variable metal concentrations. Alteration by hydrothermal fluids initially formed 
expandable clays (smectite and illite/smectite) from feldspar within the wall rock. Rocks 
in the deposit which still contain smectite are distal from permeable zones which were 
the focus of hydrothermal fluid flow and metal deposition. Increase of temperature 
and/or hydrothermal fluid flux resulted in decreased expandability (the swelling capacity 
of a mixed layer illite/smectite mineral decreases as the proportion of smectite-like 
layers which make up the mineral decreases) of these minerals and formation of kaolinite 
from expandable clays, feldspars, and muscovite. Zones dominated by kaolinite 
alteration are located between the distal expandable clay facies and zones of high metal 
concentration. Kaolinite zones frequently contain low silver grades ( < 1 o.p.t). Rocks 
proximal to faults, fractures, geologic contacts, and other permeable zones were subject 
to intense (vuggy silica and advanced argillic) alteration during metal deposition, and 
contain abundant quartz, barite, alunite and jarosite, as well as high concentrations of 
metallic minerals.
Differences in alteration patterns and metal distributions indicate genetic differences 
between the Hog Heaven Mine and Ole Hill deposits. The Hog Heaven Mine has high 
concentrations of silver, lead, and zinc, but low gold concentrations (1:1000 AurAg).
The Ole Hill deposit has lower silver values and relatively higher gold values (1:100 
Au:Ag), and contains no base metals except at the southern end. The northern Ole Hill 
deposits contain lower metal concentrations because they are distal from the source of 
mineralizing fluids. Alteration petrology of the northern Ole Hill area differs from other 
areas because the rocks altered are quartzite and argillite rather than volcanic sediments, 
flows, and intrusions. The altered volcanic rocks of northern Ole Hill, unlike the 
volcanic rocks of the Hog Heaven Mine, do not contain smectite and illite/smectite.
This may be because the uneroded remnant of volcanic rocks at Ole Hill is a 
conglomeratic layer in which hydrothermal fluid flow was concentrated. Like zones of
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concentrated fluid flow at the Hog Heaven Mine, alteration within this layer advanced to 
the kaolinite 4- quartz phase. Clays that are more soluble in acid solutions were 
destroyed.
Alteration in the southern Ole Hill region resembles that within the diatreme at the 
southern end of the Hog Heaven Mine. Fluids probably spread out in all directions from 
this source, rather than solely northward. Exploration peripheral to this feeder zone 
may reveal other metal deposits south of Ole Hill.
The northern Ole Hill deposits may be similar to the stratabound deposits of the 
Hog Heaven mine in that they formed by lateral fluid migration through permeable 
structures. At Ole Hill these structures were fractures in Precambrian bedrock; at the 
Hog Heaven Mine they were permeable beds within volcaniclastic rocks.
Alteration at the Hog Heaven Mine resembles that of certain other deposits formed 
by epithermal acid-sulfate hot spring systems (e.g. Summitville, Colorado; Julcani, Peru) 
in that it is characterized by massive silicification, with abundant alunite, barite, and 
other sulfates and sulfides within and surrounding areas of metal deposition. Peripheral 
to the zones of metal concentration are vast zones of argillic alteration, in which several 
clay minerals occur. These large alteration haloes are guides to ore. Presence of 
smectite indicates distal (incipient) alteration phases. Expandability of illite/smectite 
tends to decrease in the direction of more highly altered regions which may contain ore. 
Also, the relative abundance of kaolinite in the clay fraction increases as zones of metal 
concentration are approached. Macroscopic alteration patterns such as the destruction of 
primary feldspar phenocrysts and massive silicification are more useful tools for 
exploration, however.
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APPENDIX I 
MINERALOGICAL DATA
Semi-quantitative analysis of the relative abundances of alteration minerals in 
x-rayed samples was attempted. Comparison of diffraction peak intensities does not 
provide a reliable estimate of the abundance of clay in a sample, but gross differences 
in peak areas can distinguish between primary and minor components of a sample 
(Cossaboom, 1981). Experimental conditions and crystallochemical conditions 
produce typical errors of 50% or more, but in general the smectite dOOl peak area is 
3 to 5 times greater than the illite dOOl peak area, and is 2 to 3 times greater than the 
kaolinite dOOl peak area in mixtures of equal proportions of these minerals (Eslinger 
and Pevear, 1988).
Schultz (1964) achieved a precision of ± 10% in determining the abundances 
of clay and non-clay minerals in samples from the Pierre Shale of South Dakota 
(abundances of minerals comprising less than 15 % of a sample could not be 
determined with this degree of accuracy). In order to accomplish this, Schultz 
measured non-clay-mineral peak intensities in counts per second (cps), and performed 
both oriented aggregate and random powder analyses on the clay fractions. Samples 
were also heat treated to assess the relative amounts of 7 A (kaolinite, chlorite) and 
10 A (illite, montmorillonite, and mixed layer illite/montmorillonite) clay particles in 
each sample. Absolute abundances of clays were determined, based on correlation of 
relative clay abundances with cps data from non-clay minerals and comparison with 
data from chemical analyses.
The degree of precision achieved by Schultz cannot be reproduced in this 
study, because only oriented samples were prepared, heat treatments were not done, 
cps were not recorded, and chemical analyses were not performed. However, certain 
generalizations from Schultz’s study can be used to refine the estimation of relative
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proportions of minerals in samples from this study. Data from Schultz (1964) 
indicate that for equal mixtures, the quartz 26.6® peak is approximately 3 X larger 
than the alunite/ jarosite 30® peak and 2 X higher than the feldspar 28® peak. Based 
on this information, relative abundances of these minerals can be estimated. Absolute 
abundances cannot be determined without cps data.
Schultz notes that in mixtures of equal proportions, the kaolinite dOOl : illite 
d(X)l peak ratio may vary from 1:1 to 2:1, depending on kaolinite crystallinity (i.e. as 
kaolinite crystallite size increases relative to illite crystallite size, so does the peak 
ratio in diffraction patterns of equal mixtures of the minerals). Schultz used a ratio of 
1.4:1 when calculating kaolinite:illite ratios. Schultz postulated that an increase in 
crystallite size of the 1 0  Â mineral (corresponding to muscovite or sericite rather 
than illite) would have a similar effect on peak ratios, but observed no coarse-grained 
10 Angstrom material in his study. In the Pierre Shale study, the smectite 
(montmorillonite) d(X)l peak was generally observed to be 4 to 5 times (average 
4.5 X) larger than the dOOl peak produced by an equivalent quantity of illite. This 
agrees with Eslinger and Pevear’s relative abundance equations (above).
Schultz also determined that kaolinite and chlorite from the Pierre Shale have 
7 A peaks of equal areas, if the minerals are of equal proportions.
Mixed layer clays observed in Schultz’s study were RO illite/ smectite, with 10 
to 20 percent illite layers and dOOl peaks near 17 A. Therefore, Schultz’s findings 
cannot be used to estimate relative abundances of mixed layer clays (R1 and R3 I/S) 
in the Hog Heaven study. Furthermore, Schultz estimated mixed-layer clay 
abundances by assuming that illite/ smectite composed the remainder of the clay 
fraction of each sample, after the abundances of all other minerals was quantified.
The analytical methods used in the Hog Heaven study do not permit use of similar 
methods to quantify mixed-layer clay abundances.
The Pierre Shale did not contain pyrophyllite, so peak ratio data required for 
correlation of pyrophyllite abundance with abundances of other minerals observed in 
this study was not available.
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To interpret the data for presentation in Table 1, the assumptions were made 
that the pyrophyllite dOOl peak intensity is comparible to the intensity of the kaolinite 
dOOl peak, and that the illite/smectite 9 Â peak is comparible in intensity to the 
kaolinite 7 A peak (twice the intensity of an illite 1 0  A peak). This assumption was 
made because smectite dOOl peaks are roughly 4 X the intensity of illite dOOl peaks; 
a mineral composed of both layer types is likely to have greater peak intensities than 
one composed of illite alone. Illite/ smectite peak areas were often difficult to 
determine, due to interference with diffraction peaks of other minerals.
Measurement of quantified x-ray diffraction patterns in Schultz (1964) 
indicates that in equal mixtures of kaolinite, illite, and quartz, the 26.6® quartz peak 
is roughly 3 X higher than the illite dOOl peak, and 2 X higher than the kaolinite 
dOOl peak. This would indicate that kaolinite’s dOOl peak is 1.5 X larger than 
alunite’s 30® peak, and of similar size to feldspar’s 28® peak, if abundances of each 
mineral are equal. Due to lack of cps data for the Hog Heaven analyses, these crude 
approximations were used to correlate relative abundances of clay and non-clay 
minerals.
For illite with broad diffraction peaks (small crysallites) the kaolinite d(X)l 
peak intensity was assumed to be 1.5 X greater than illite’s dOOl peak intensity. If 
the illite was composed of large crystallites (i.e. if the 1 0  A material was muscovite 
or sericite), the peak intensities were assumed to be 1 : 1  for mixtures of equal 
proportions of both minerals. In the case of intermediate or combined broad and 
sharp illite peak breadths (muscovite was often associated with (diagenetic?) illite, as 
evidenced by narrow 1 0  Angstrom peaks with broad bases), an intermediate value was 
assumed. In some cases, the kaolin group mineral also exhibited broad diffraction 
peaks. This occurs where kaolin is associated with smectite or illite/smectite, but not 
associated with alunite or quartz. If both kaolinite’s and illite’s peaks were broad, the
K:I ratio was also assumed to be 1:1.
The smectite dOOl peak was assumed to be 4.5 X larger than the illite dOOl 
peak and 2.5 X larger than kaolinite’s dOOl peak.
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Extrapolation of the above observations and assumptions indicates that 
smectite’s dOOl peak will be of equal or slightly greater height than quartz’s 26.6° 
peak if both minerals are present in similar proportions.
Some of these assumptions may not be reasonable. To account for error 
inherent in this process, relative abundances between minerals were not estimated in 
Table 1 if the calculated relative abundances were within 50%.
All abundances were normalized relative to kaolinite by multiplying measured 
peak areas by the following coefficients: illite or muscovite (1 to 1.5); smectite (0.4); 
alunite or jarosite (1.5); quartz (0.5); illite/smectite (1); pyrophyllite (1); albite (1); 
chlorite* (1).
Minerals identified in each sample are listed in order of decreasing abundance 
in Table 1. The relative abundances of minerals separated by commas are uncertain, 
or are roughly equal. The presence of minerals listed within parentheses was 
suspected, but not positively determined, because the intensity of their diffraction 
peaks was not much greater than background and/or not all diffraction peaks 
characteristic of the indicated mineral could be discerned.
* chlorite *s 14 Â peak was measured, which may not be o f equal intensity to 
its 7 À peak.
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Key for Table 1:
Symbols used in Table 1 are indicative of the following minerals:
A - alunite ± jarosite J - jarosite ± alunite
C - chlorite K - kaolinite
F - feldspar (albite) P - pyrophyllite
I - illite or muscovite Q - quartz
I/S - illite/smectite S - smectite
In addition, the following symbols are also used in Table 1:
> : abundance of mineral(s) to left are ±  50% greater than those to the right.
> > : abundance of mineral(s) to left are ± 75 % greater than those to the 
right.
I:S #:# - ratio of percent illite layers to percent smectite layers in I/S, based on 
NEWMOD modeling. For some samples which contained only trace 
amounts of I/S, the I:S ratio could not be determined.
R# - Reichweite of I/S: RO indicates random ordering; R1 indicates that each 
smectite layer in a crystallite is followed by at least one illite layer. R3 
indicates that each smectite layer must be followed by at least three illite 
layers. RO I/S can be difficult to differentiate from pure smectite; some 
minerals reported as smectite in this study may be RO I/S with a high 
percentage of smectite.
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X-RAY DIFFRACTION DATA
DRILLHOLE SAMPLE SIZE
DEPTH FRACTION
Ole Hill West-East Section
MINERALOGY R#. I : S PEAK
AREAS
RELATIVE
ABUNDANCE
( % )
AOR 81-157 20-25’ <0.5u K 100
60-65’ <0.5u J,K>I/S 12:10:5 55:30:15
100-105’ <0.5u K 100
135-140’ <0.5u I.K 72:67 55:45
AOR 79-3 60-65’ <0.5u K >>J>Q 43:8:4 75:21:4
95-100" <0.5u K>I>>(C) 43:16:7 63:27:10
AOR 79-43 20-25’ <0,5u J> > Q 22:11 86:14
40-45’ <0.5u K,J>Q 8:6:4 42:47:11
AOR 81-151 20-25’ <0.5u K>l 63:19 77:23
60-65’ <0.5u K.I 61:40 60:40
100-105" <0.5u l>K,(l/S) 114:31:50 73:15:12
AOR 81-131 20-25" <0.5u K>l 42:13 68:32
100-105" <0.5u l>K 57:19 80:20
AOR 81-16 20-25" <0.5u K>l 52:24 68:32
60-65" <0.5u l>>K,(l/S) 160:8:70 73:3:24
100-105’ <0.5u K>I 54:16 71:29
AOR 81-1 40-45" <0.5u I.K 30:36 54:46
AOR 81-3 20-25’ <0.5u K>l 30:12 67:33
60-65" <0.5u l>>K 182:19 92:8
AOR 81-4 100-105" <0.5u K 100
AOR 81-6 20-25" <0.5u K>1 26:8 70:30
60-65" <0.5u K>l 31:12 63:37
100-105’ <0.5u K>>l 56:8 85:15
115-120’ <0.5u K 100
Note: bend in section
AOR 81-115 120-125" <1.0u K.I 9:4 60:40
AOR 81-110 0-5" <1.0u K,J,I>Q 23:13:12:10 33:31:26:8
20-25" <1.0u K>Q,J,C 24:18:5:5 52:20:17:11
85-90" <1.0u K>>Q,(J) 75:20:5 81:11:8
105-110" <1.0u K>>Q 53:16 87:13
130-135" <1.0u J>Q>K 30:20:5 75:17:8
AOR 81-113 0-5" <0.5u K,l 32:18 54:46
20-25" <0.5u K>>Q 45:21 81:19
40-45" <0.5u K>I,Q 21:7:6 60:31:9
80-85" <0.5u K>>Q 82:17 90:10
100-105" <0.5u K 100
135-140" <0.5u K>>l 64:14 82:18
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AOR 81-106
AOR 81-37 
AOR 81-38 
AOR 81-63
AOR 81-61
AOR 81-66
AOR 79-53
AOR 81-88
AOR 81-89 
AOR 81-178
AOR 81-201
20-25' <0.5u K,l 16:8 57:43
60-65’ <2. Ou K>>Q 67:22 86:14
100-105’ <0.5u K 100
0-5’ <1.0u K>l 34:14 64:36
60-65’ <0.5u K>>l 58:5 89:11
65-70’ <0.5u K>>Q 58:8 93:7
135-140’ <0.5u K>l 43:20 61:39
20-25’ <0.5u K,l 35:20 54:46
40-45’ <0.5u K>>! 81:4 93:7
60-65’ <0.5u K 100
80-85’ <0.5u K>>Q 46:9 92:8
100-105’ <0.5u K>>I>Q>(C) 96:15:20:7 72:16:7:5
115-120’ <0.5u K>>Q 38:8 90:10
0-5’ <0.5u K>>(l/S) D.N.A.
60-65’ <1.0u K>Q D.N.A.
115-120’ <1.0u K>>Q 61:17 87:13
20-25’ <0.5u K>>l 96:20 77:23
60-65’ <0.5u K>>l 88:12 88:12
100-105’ <0.5u K 100
140-145’ <0.5u I>K 46:26 70:30
180-185’ <0.5u l>>K,(l/S) 149:38:30 74:15:11
40-45’ <0.5u K>Q D.N.A.
80-85’ <0.5u K>l>(l/S) D.N.A.
20-25' <0.5u K>(S>Q>I/S) D.N.A.
20-25’ <0.5u K>l 75:24 68:32
40-45’ <0.5u K>>l 115:8 94:6
60-65’ <0.5u l,K 55:50 54:46
80-85’ <0.5u l>>K 65:18 78:22
100-105’ <0.5u K>l 130:54 70:30
120-125’ <0.5u I.K 52:38 60:40
135-140’ <0.5u I.K 50:35 59:41
20-25’ <1.0u K,I>>(C) 44:34:5 49:46:7
80-85’ <1.0u I.K 50:41 56:44
115-120’ <1.0u l>K 90:60 67:33
Ole Hill South-North Section
R 88-17 0-5’ <0.5u K,l/S>(l) R1 50:50 15:9:4 54:32:14
20-25’ <0.5u l/S>K R1 50:50 60:23 72:28
50-55’ <0.5u K>>l/S R1 55:45 155:50 76:24
100-105’ <0,5u l/S>>K R3 87:13 150:22 87:13
145-150’ <0.5u l/S>K>(Q) R3 88:12 60:32:15 61:32:7
185-190’ <0.5u l/S>>P,K R3 88:12 90:22:12 72:18:10
210-215’ <0.5u l/S>>P,K R3 88:12 137:44:14 70:23:7
R 88-18 20-25’ <0.5u l/S.K R3 83:17 42:40 51:49
80-85’ <2.0u K,Q>(J) 34:60:5 48:32:10
115-120’ <2.0u K.Q>(J) 36:58:5 50:40:10
AOR 81-190 0-5’ <0.5u K>>I,Q 29:8:15 65:18:17
40-45’ <0.5u K>>l 60:3 92:8
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75-80’ <0.5u K>>Q 13:2 93:7
115-120' <0.5u I.K 11:10 52:48
AOR 81-186 0-5' <0.5u K>l 12:4 67:33
20-25’ <0.5u K>(l) 26:10 65:35
40-45’ <0.5u K>! 29:10 66:34
60-65’ <0.5u I»K ,(C ) 140:6:8 94:3:3
100-105’ <0.5u l» K ,(C ) 244:6:6 96:2:2
135-140" <0.5u !>K>(C) 48:24:12 62:25:13
AOR 81-73 0-5’ <0.5u K>l 38:15 68:32
20-25’ <0.5u K » Q 38:11 87:13
40-45’ <0.5u K 100
80-85’ <0.5u l>K 40:23 63:37
115-120’ <0.5u K.I 40:23 57:43
AOR 81-71 20-25’ <0.5u K>>(l) 52:8 83:17
40-45’ <0.5u K,l 12:8 55:45
135-140" <0.5u K>>Q,{)) 44:12:3 82:11:7
AOR 81-185 0-5’ <0.5u K>I,Q 15:4:10 60:20:20
60-65’ <0.5u Q>K 60:12 71:29
115-120’ <0.5u K.I 14:10 56:44
AOR 81-72 20-25’ <0.5u !>>K 127:41 82:18
95-100’ <0.5u K>>I,Q,>(C) 32:5:4:4 74:12:5:9
AOR 81-188 40-45’ <0.5u K>Q,I 20:8:4 72:14:14
100-105’ <2.0u Q.K 66:28 54:46
135-140’ <0.5u K>>Q,I 58:30:8 70:18:12
AOR 81-65 0-5’ <1.0u K,l 30:21 55:45
40-45' <0.5u I.K.Q 12:12:16 47:32:21
100-105" <1.0u K>! 56:20 67:33
AOR 81-61 20-25’ <0.5u K,l 35:20 54:46
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